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Introduction 

GCL-HPL 2000, the XIII International Symposium on Gas Flow and Chemical Lasers 
and High-Power Laser Conference, took place at the Demidoff Hotel, in Pratolino, 
Florence, Italy, 18-22 September 2000. The meeting dealt with all the aspects of basic 
and applied research in high-power lasers, high-power beam characteristics and 
manipulation techniques, and laser/material interaction processes. It saw significant 
participation of attendees as well as submission of contributed papers. This was 
probably due to the coincidental occurrence of a few particular conditions. First of all, 
most laser-related large conferences have relegated gas and chemical lasers to a 
secondary role, considering these technologies to be already mature. This gives the 
GCL-HPL conference series a unique character. Furthermore, large efforts were made 
by the organizing and program committees to make the meeting as interesting and 
up-to-date as possible. Finally, the many places of interest in and around the city of 
Florence played a considerable role. The local organizers and tour operators did their 
best to make the social activities pleasant and attractive, maintaining the traditional 
high level of this symposium. In spite of this, the technical sessions benefitted from 
continuous and active participation of attendees, giving the feeling of general 
appreciation of the scientific program. 

I personally went through the experience of more than one year of full immersion in the 
study and review of the different themes touched by the conference program, and I 
received the impression that there are numerous and quite active researchers in these 
fields. However, because of my organizing duties, I had very little time to exchange 
ideas during the conference. I did get in contact with most of the members of the 
community and it seems that for most of them fruitful and friendly exchanges were 
possible during the conference. It was a great honor for me to hear the same 
impressions of success from the international advisory committee members who 
attended all the previous GCL and GCL-HPL conferences. 

My thanks go to all the attendees for their high-quality participation, and to the 
international advisory committee and program committee members who helped in 
manuscript review, selection work, and session chairing. A special thanks for the 
inestimable contribution to the conference series goes to the two members who decided 
to resign from the international advisory committee after this event: William Watt and 
Tommaso Letardi. The greatest acknowledgment goes to my colleagues Marco Ciofini 
and Cristina Pescucci, who made the event possible with their continuous and 
unlimited work. Lastly, tender thanks go to my little Tommaso and Valentina who had 
to leave me out of their games for some time, given the extra work I had. 
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At the final IAC meeting, which traditionally takes place at the end of the conference, 
we decided the venues of the two successive GCL-HPL events. The XIV Symposium will 
take place in Wroclaw, Poland, 25-30 August 2002. Professor Krzysztof Abramski will 
be the next chair. It was also decided that the 2004 event will take place in Prague, 
Czech Republic, and will be chaired by Professor Jarmila Kodymova. My best wishes 
to Krzysztof and Jarmilä for their upcoming work. 

Antonio Lapucci 

Editor's Note 
The final section of this book is a paper presented during the 1998 GCL-HPL event. This 
paper was inadvertantly missing from the corresponding proceedings volume. Below is 
a message from the GCL-HPL'98 chairperson: 

The paper "Influence of x-ray preionization on the performance of a hf 
phototriggered laser," by S. Pasquiers, C. Postel, and V. Puech, was presented 
by the authors during the GCL-HPL'98 symposium in St. Petersburg. 
Unfortunately, the manuscript was lost. On behalf of the GCL-HPL'98 
Organizing Committee, I ask the authors to accept our sincere apologies. At the 
same time, I appreciate Dr. Antonio Lapucci's help in resolving this matter. 
Anatoly Boreysho, Chair of GCL-HPL'98, St. Petersburg 
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The Airborne Laser 

Steven E. Lamberson 

Airborne Laser System Program Office 
USAF Space & Missile Systems Center 

Kirtland AFB, New Mexico 

ABSTRACT 

The US Air Force Airborne Laser (ABL) is a major weapon system development by the United States Air Force to provide an 
airborne, multi-megawatt laser system with a state-of-the-art atmospheric compensation system to destroy enemy theater 
ballistic missiles at long ranges. This system will provide both deterrence and defense against the use of such weapons during 
regional conflicts. This paper provides an overview of the ABL weapon system including: the notional operational concept, 
the development approach and schedule, the overall aircraft configuration, the technologies being incorporated in the ABL, 
and the risk reduction approach being utilized to ensure program success. 

Keywords: ABL, Beam Control, Fire Control, high energy lasers, illuminator lasers, ATP 

1. INTRODUCTION 

The US Air Force is developing the first ever directed energy weapon system for defense against theater ballistic missiles. 
This revolutionary weapon system will consist of a multi-megawatt chemical oxygen iodine laser integrated into a Boeing 
commercial 747-400 freighter. The primary mission of the ABL is to kill theater ballistic missiles in the boost phase of flight. 
The ABL also brings a number of other capabilities to the battlefield commander. The ABL will detect missiles shortly after 
cloud break and can provide near real time launch warning to the rest of the forces. In addition, the ABL will quickly and 
precisely locate the launch point, providing this information to attack operations. The ABL will pass trajectory information 
on to the subsequent tiers of the Theater Missile Defense (TMD) architecture. Finally, the ABL will provide accurate impact 
point predictions, shortly after burnout. 

In addition to these inherent capabilities, the ABL's potential performance in a number of adjunct missions is being evaluated. 
As the ABL enters the Engineering Manufacturing and Development (EMD) phase, the Air Force will determine which if 
any of these capabilities to incorporate into the operational ABL weapon system. These include protection of High Value 
Assets from enemy surface-to-air and air-to-air missile systems, battlefield imaging using the large aperture telescope, 
battlefield command and control, cruise missile defense, arid suppression of enemy air defenses. 

2. SYSTEM OVERVIEW 

The ABL is not intended to fight alone. It is an integral part of the overall TMD family of systems as shown in Fig. 1. It is 
being developed to provide depth to the TMD architecture. By killing missiles during the boost phase of flight, the ABL 
dramatically reduces the stress on midcourse and terminal systems, increasing their effectiveness and reducing their inventory 
requirements. In addition, some of the debris will fall on enemy territory. 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
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©2001 SPIE 0277-786X/01/$15.00 



Boost Phase 
Airborne Laser £ 

Lower Tier 
Navy Area Defense 

PAC-3 
MEADS 

#*" 

Boost Phase Intercept and cueing for attack 
operations and terminal defenses 

Figure 1. Theater Missile Defense Family of Systems 

The ABL loiters above the clouds as shown in Fig. 2. As a ballistic missile exits the cloud layer, it is detected by the 
surveillance IR sensors surrounding the fuselage of the aircraft. The information from these sensors as well as the active 
ranger is used to quickly establish the trajectory(ies) of the target(s). The battle manager then selects the target to be engaged 
and passes the engagement off to the fire control subsystem. The fire control subsystem points the nose mounted turret 
toward the missile to be engaged, and acquires it in a boresighted IR camera mounted on the main gimbal of the turret. 
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Figure 2. Typical ABL Engagement 

The surveillance sensors surrounding the fuselage of the aircraft can detect launches at any azimuth as shown in Fig. 3. The 
high-energy laser has a large field of view, but cannot shoot out the back of the aircraft. Normally loitering is done such that 
the back is not turned to the expected launch area. 
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3 Dimensional View 

Figure 3. ABL Field of View 

The ABL would typically be orbiting in friendly territory as shown in Fig. 4, supported by fighter CAP like other High Value 
Assets such as AW ACS and JSTARS. The ABL is, however, an integrated part of the Air Battle and the location of the orbits 
will be flexible. The battlefield commander has the capability to locate the ABL when and where it is required depending on 
the air superiority picture. 

Other Airborne 
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40,000 ft 
■ Stand off from the FLOT 
■ Fighter CAP support 
■ Integrated in Theater Air 

Control System 

Figure 4. ABL Employment 

The ABL is currently in the Program Definition and Risk Reduction (PDRR) phase. This phase culminates in the shoot down 
of a missile in 2003. The current plans are to build seven ABL aircraft. At most, two of those would be in maintenance at any 
one time. Therefore, five of the seven ABLs will be available at all times to rapidly deploy to theaters of potential conflict 
and maintain two orbits. The ABL arrives in theater fully loaded with laser fuel and ready for combat. A minimal resupply 
tail, airlifted in using cargo aircraft, maintains the ABL's ability to stay on orbit. 
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The PDRR ABL is a scaleable and traceable demonstration system. It is essentially identical to the EMD ABL except that it 
has a reduced number of modules in the laser systems as shown in Fig. 5. The PDRR ABL therefore gives a very high 
confidence demonstration of the ability of the operational ABL weapon system. 
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Figure 5. ABL Configuration 

3. ABL ENGAGEMENT SEQUENCE 

The engagement sequence is shown in Fig. 6. First, we pick up the missile in the surveillance sensor. The bright missile 
plume is easily detected as it breaks through the clouds. Next we hand off to the acquisition IR sensor mounted on the 
telescope gimbal. This relatively large field-of-view camera ensures that the gimbal is in fact pointed at the target and allows 
the target to be centered in the telescope aperture. Then we hand off to a shared aperture plume tracker. A hardbody handover 
algorithm is used based on information from the plume tracker to offset the telescope from the plume. Finally, we illuminate 
the missile hardbody with our target illuminator laser and establish fine track on the missile. 
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Figure 6. Engagement Sequence 

To achieve performance over long ranges through the atmosphere, atmospheric compensation is used to partially correct the 
distortions imparted to the high-power laser beam by atmospheric turbulence as shown in Fig. 7. A beacon illuminator laser 
is used to illuminate a small spot on the target. The reflected light from the missile is distorted by the atmosphere as it travels 
to the aircraft. Wavefront sensors on the aircraft measure the phase distortions imparted to this reflected light beam as it 
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The ABL is currently in the Program Definition and Risk Reduction (PDRR) phase. This phase culminates in the shoot down 
of a missile in 2003. The current plans are to build seven ABL aircraft. At most, two of those would be in maintenance at any 
one time. Therefore, five of the seven ABLs will be available at all times to rapidly deploy to theaters of potential conflict 
and maintain two orbits. The ABL arrives in theater fully loaded with laser fuel and ready for combat. A minimal resupply 
tail, airlifted in using cargo aircraft, maintains the ABL's ability to stay on orbit. 
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The PDRR ABL is a scaleable and traceable demonstration system. It is essentially identical to the EMD ABL except that it 
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The engagement sequence is shown in Fig. 6. First, we pick up the missile in the surveillance sensor. The bright missile 
plume is easily detected as it breaks through the clouds. Next we hand off to the acquisition IR sensor mounted on the 
telescope gimbal. This relatively large field-of-view camera ensures that the gimbal is in fact pointed at the target and allows 
the target to be centered in the telescope aperture. Then we hand off to a shared aperture plume tracker. A hardbody handover 
algorithm is used based on information from the plume tracker to offset the telescope from the plume. Finally, we illuminate 
the missile hardbody with our target illuminator laser and establish fine track on the missile. 
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To achieve performance over long ranges through the atmosphere, atmospheric compensation is used to partially correct the 
distortions imparted to the high-power laser beam by atmospheric turbulence as shown in Fig. 7. A beacon illuminator laser 
is used to illuminate a small spot on the target. The reflected light from the missile is distorted by the atmosphere as it travels 
to the aircraft. Wavefront sensors on the aircraft measure the phase distortions imparted to this reflected light beam as it 
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propagates from the target to the aircraft. The conjugate is placed on the outgoing laser beam using a deformable mirror, 
partially compensating for the effects of the atmosphere. 
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Figure 7. Atmospheric Compensation 

4. ABL LASER AND BEAM CONTROL TECHNOLOGY 
The ABL is enabled by over 20 years of laser technology development. The Airborne Laser Laboratory demonstrated the 
ability to integrate all the necessary subsystems to successfully destroy missiles in flight from an airborne platform in the late 
seventies and early eighties. More recent developments shown in Fig. 8 include the Chemical Oxygen Iodine Laser, allowing 
long range propagation due to its short wavelength (1.3 microns); adaptive optics, allowing extended range in the presence of 
atmospheric turbulence; and active tracking, allowing precise aimpoint maintenance on the target. In addition, lethality 
demonstrations demonstrated the ability to destroy missile targets using laser energy. 
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Figure 8. Enabling Technology 
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The ABL is built around a high power Chemical Oxygen Iodine Laser as shown in Fig. 9. The laser uses a single unstable 
resonator with a number of laser gain modules in series (6 for PDRR and 14 for EMD). Basic Hydrogen Peroxide (BHP) is 
sprayed through a large number of holes in an injector plate forming a droplet field. The helium-chlorine gas mixture is 
forced through this droplet field. At the surface of each droplet, the chlorine reacts with the OH ions, liberating singlet delta 
oxygen and the chlorine is trapped in the liquid as dissolved salt. The BHP is recirculated through a thermal management 
system, removing the heat generated during this process. The helium-singlet delta oxygen mixture is accelerated through a 
supersonic nozzle with iodine molecules injected in the flow immediately upstream of the nozzle throats. The singlet delta 
oxygen first dissociates the iodine molecules into iodine atoms, then excites the iodine atoms into the I* excited state, The 
1.3-micron light beam is extracted using a standard unstable resonator. The drawing on the right is an isometric view of one 
of the laser modules. 
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Pressure Recovery 
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Figure 9. Chemical Oxygen Iodine Laser 

The risk of the ABL laser development is being systematically bought down with a "build a little, test a little" approach. Prior 
to contract award in November 1996, the contractor had conducted laboratory and brassboard experiments to demonstrate the 
feasibility of producing the performance necessary for the ABL. This culminated with a demonstration from the brassboard, 
BDL2, of 120% of the ABL design power for a single module. The STET single injector tube tests, testing one of six ejectors 
to be used for each module, were completed, demonstrating the ability to operate the ejector systems necessary to provide 
pressure recovery on the aircraft. The flight weight laser module tests, demonstrating the ability to package the laser module 
to fit on the aircraft, were next. Future tests include an airworthiness test of a laser module, including the ejector system, and 
operation of six modules on the ground prior to installation on the aircraft. 

The Airborne Laser will bring destruction at the speed of light to the battlefield, revolutionizing warfare. The ABL is a robust 
and flexible addition to the air battle, providing both deterrence and defense against the launch of theater ballistic missiles. 
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ABSTRACT 

The dissociation of I2 by 02(a'A) is a critical process for the chemical oxygen iodine laser. Despite many 
years of study the dissociation mechanism is not properly understood. Currently accepted models assume 
that vibrationally excited I2 is the immediate precursor to atomic I. However, studies of I2 vibrational 
relaxation kinetics cast doubt on this assignment. New measurements of quenching rate constants for I2(A') 
indicate that electronically excited I2 is a more likely precursor. A revised kinetic model for the dissociation 
process is proposed, based on the active participation of electronically excited I2. Vibrationally excited I2 
remains an important species in this model as the I2 must be vibrationally excited before the electronically 
excited states can be accessed. A preliminary rate constant package for the new model is presented. 

1. INTRODUCTION 

Chemiluminescence from flowing mixtures of 02(a'A) and I2 was first examined by Arnold et al. * Intense 
emissions were observed from electronically excited I2 and the 2

PIQ- P3« transition of atomic iodine. 
Subsequent investigations of this system2"5 led to the development of the chemical oxygen iodine laser 
(COIL)6"8. After thirty years of study a great deal is known about the kinetics that occur within the laser. 
However, the mechanism by which I2 is dissociated by 02(a'A) remains poorly understood9"13. This 
represents an important gap in our knowledge as the dissociation process significantly impacts the efficiency 
of the laser. There are two mechanisms by which this occurs. First, it is known from empirical studies that 
an average of 4 to 6 02(a'A) molecules are needed to dissociate one I2 molecule10,14"16. Hence, the 
dissociation process consumes an appreciable amount of energy. Second, the time scale of the dissociation 
process influences energy extraction as it determines the downstream position at which the maximum 
concentration of I(2Pi/2> (denoted as I* in the following) will occur. If the dissociation process takes place 
too slowly the maximum I* concentration is achieved after the gas has left the optical cavity. Alternatively, 
if high concentrations of I* are formed before reaching the optical cavity, energy is lost during transport 
(mostly due to quenching by H20 from the 02(a) generator). This leads to a curious situation where the 
conditions that give maximum power from the laser do not correspond to complete dissociation of I2

16,17. 

The efficiency and time scale of the dissociation process depend on concentration ratios, mixing dynamics 
and total pressure. At present our ability to design new types of mixing nozzles and/or develop systems that 
operate at higher pressures is limited, in part, by our poor understanding of the dissociation kinetics. In the 
following we briefly review the currently accepted mechanism for the dissociation process and draw 
attention to some of the ambiguities that are inherent in the model. Recent experimental studies of key 
reactions are described, and a revised kinetic model of the dissociation process is proposed. This model 
resolves some of the ambiguities and it is characterized by a family of physically reasonable rate constants. 
It should provide a better description of the dissociation process for conditions that are significantly different 
from those used in conventional COIL devices. 

2. PREVIOUSLY PROPOSED MECHANISMS FOR DISSOCIATION OF I2 BY Oifa'A) 

At least two 02(a
:A) molecules are needed to dissociate I2. Arnold et al.1 proposed two plausible dissociation 

mechanisms.   The first involved direct dissociation by energy transfer from 02(b'E+), the latter being 
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produced by the energy pooling process 02(a
1A)+02(a

lA)-K)2(b1:E+)+C>2(X3r) {\}\ in the second model I2 

was excited by the energy transfer process 02(a
1A)+l2-^02(X

3Z")+l2t {32}. The excited intermediate was 

then dissociated by the step 02(a'A)+I2W02(X
3r)+2I {34}. Arnold et al.1 did not specifically identify I2

f, 
but they speculated that it could be an electronically excited state (I2(A') and/or I2(A)) or vibrationally excited 
I2(X). The idea that I2 could be electronically excited by collision with a single 02(a'A) molecule was 
discounted when it was discovered that the lowest lying excited state (I2(A')) was energetically inaccessible. 
Derwent and Thrush5 found that dissociation by (^(b'S*) could fit their dissociation rate data, provided that 
the rate constant for this process was near the gas kinetic limit (=2xl0"'° cm3 s'1). This model was set aside 
when it was found18'19 that the rate constant for quenching of 02(b'i;+) by I2 was no more than 
2x10"" cm3 s'\ 

The most careful and exhaustive study of the dissociation mechanism was carried out by Heidner et al.9 

They obtained conclusive evidence that an excited state of h was involved. They also found that the 
dissociation rate increased dramatically as atomic I was liberated. This acceleration was attributed to the 
chain branching reactions 

02(a'A)+I->02(X
3r)+P {40} 

I*+h-*l+hi {33} 
Hiedner et al.9 were unable to resolve the uncertainty concerning the identity of I2

f. Based on the fact that 
Hall and Huston20 observed vibrationally excited I2 resulting from reaction 33 they favored the notion that I2

T 

was the vibrationally excited species. Subsequently, Van Bentham and Davis10 showed that vibrationally 
excited I2 (kCX, v>33)) was present in flowing 02(a'A)/I2 mixtures. 

Despite the circumstantial evidence there are problems with the assumption that I2
f is the vibrationally 

excited species. Heidner et al.9 found that relatively high pressures of the Ar buffer gas used in their 
experiments did not influence the I2 dissociation rate. This was unexpected as I2

+ should be vibrationally 
relaxed by collisions with Ar20. Problems were encounterd in attempts to model the dissociation rate data. 
The mechanism assumed by Heidner et al.9 has strong correlations between several sets of rate constants, so 
they were unable to find a unique solution. Two sets of rate constants, representative of viable limiting cases, 
were proposed. Some of the rate constants differ by more than an order of magnitude between the two 
models. The one parameter that was well defined in both models, the rate constant for deactivation of I2

f by 
H20, was gas kinetic (k36=3xl0"10 cm3 s*1). This is an unusually large value for vibrational relaxation. 

Heidner et al.9 reported that neither of their kinetic models provided an adequate representation of all of the 
kinetic data. Unfortunately they could not delve into this problem any further. Their model 1 rate constants 
were adopted in the standard kinetics package21,22 that is used for most computational simulations of COIL 
devices. 

3. PROBING THE IDENTITY OF I2
f 

Although the kinetic properties of I2
+ did not appear to fit with conventional notions of vibrational relaxation 

processes, this was not sufficient grounds for dismissing the assignment to I2(X, v>20). Perhaps the 
relaxation dynamics of these highly excited vibrational levels was markedly different from the behavior 
observed for the lower levels. To examine this possibility Heaven and co-workers23"26 measured ro- 
vibrational relaxation rate constants for I2(X) vibrational levels in the range 23<v<42 (i.e. the levels 
populated by energy transfer from I* and 02(a'A)). In these experiments pulsed lasers were used to excited 
isolated ro-vibrational levels of I2(X). Delayed probe laser pulses were used to monitor the range of ro- 
vibrational levels populated by collisions with a variety of energy transfer agents (He, Ar, 02, N2, Cl2, and 
H20). The primary findings were that vibrational relaxation of i2(X,v>23) followed the trends predicted by 

a The numbering of reactions is chosen to be consistent with the standard package21'22. The number for each 
reaction is given in curly brackets. 
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well-established theoretical models26. Vibrational relaxation was five to ten times slower than rotational 
energy relaxation, and was dominated by single quantum transfer events (Av=-1). Kinetic modeling was 
needed to relate these measurements to I2

f removal rate constants. Energy transfer from I* and O^a'A) 
populates I2(X) levels around v=40, whereas levels with v>20 have enough energy to be dissociated by 
02(a'A). Models for descending the vibrational ladder from v=40 to 20 by successive Av=-1 steps were used 
to predict the vibrational deactivation rate constants (denoted here by k^,). For H20 this procedure yielded 

k^o 5xl0"12 cm3 s"1, which is a factor of 60 smaller than the value required by the models of Heidner et al.9 

Vibrational deactivation rate constants for C>2(X) and Ar were 3xl0"12 and 2xl0"12 cm3 s"1 respectively. The 
most informative way to compare these results with the rate constants used in the models of Heidner et al.9 is 
to compare ratios, as this removes some of the correlation problems. Vibrational relaxation measurements 
yielded the ratios kj,20 /k^=1.7 and ko2 /kj^=2.5, whereas the corresponding ratios for Heidner's model 1 
(model 2) were 5.0 (50) and 12.5 (500). 

The large disparities between vibrational relaxation parameters and rate constants derived from the models of 
Heidner et al.9 indicate that either I2

f is not vibrationally excited I2 or that the kinetic model has enough 
flexibility to accommodate the experimental values for the vibrational deactivation rate constants. The latter 
possibility was explored by Paschkewitz and Heaven13, who re-analyzed the data of Heidner et al.9 An 
attempt was made to improve the definition of some of the poorly known rate constants by performing 
constrained least squares fits to the dissociation rate data.   The results of this exercise gave a slightly 

improved representation of the data, 
as compared to the original models 
1 and 2. However, the most 
troubling problems could not be 
resolved. The value for k[,20 could 

l&m«!ffiSääS S5« 

IPPW+K^,) 

I2(A',A) 

I2(X, v>20) 

4.8xl0"11cm3s"1, which was still too 
fast, and the upper bound for 
deactivation by Ar, kAr<2xl0"14 

cm3 s"1 was much too low. 

Several previous investigators have 
noted that deactivation of 1/ is 
more reminiscent of electronic 
quenching than vibrational 
relaxation. It is known that both 
I2(A') and I2(A) are present in 
flowing mixtures of O^a'A) and I2. 
Drawing on these observations 
Bacis and co-workers11'12'27 

proposed multi-step dissociation 
mechanisms that included 
electronically excited I2 as an 
important intermediate. The 
specific scheme that is relevant to 
the present discussion is illustrated 
in Fig. 1. In this model it is 
assumed that electronic excitation 
of I2(A',A) by 02(a'A) is governed 
by the Franck-Condon principle. 
This predicts that I2(X) levels in the 
range 10<v<15 will be most 

receptive for electronic energy transfer. Experimental evidence supporting this assumption was obtained by 
Barnault et al.27 The kinetic implications of the scheme outlined in Fig.l were explored most recently by 

I2(X,10<v<20) 

I2(X, v<10) 

Figure 1. Schematic of the proposed dissociation mechanism 

not be      reduced      below 
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Paschkewitz and Heaven13. Channels involving electronically excited I2 were added to the standard COIL 
model and attempts were made to re-optimize the rate constant package by fitting the I2 dissociation rate 
data. In this initial study the rate constant for the reaction 

I2(X, v>20) + 02(a'A) -> 21 + 02(X
3r) {34} 

was not reduced below k34=1.5xl0*" cm3 s"1 (1/20 the value used in the standard package). With such rapid 
dissociation of I2(X, v>20) the channel through the electronically excited states could not make a significant 
contribution. The preliminary indications were that the deficiencies of the standard model could not be 
overcome by including the participation electronically excited I2. 

Restricting the range of values considered for k34 is somewhat arbitrary as there are no direct experimental 
data for this process. Further reduction of k34 forces the dissociation process to proceed via electronic 
excitation of I2. Under these conditions the kinetics become sensitive to electronic quenching of I2(A',A). A 
model of this form has the potential to give a good representation of the dissociation rate data, provided that 
quenching by Ar is very slow and that H20 is more effective than 02(X) in dissipating energy from I2(A',A). 
It is probable that both the A' and A states of I2 exhibit similar quenching kinetics. Hence, for simplicity the 
remainder of this discussion is focused on I2(A') (in addition, this species is appreciably more metastable than 
I2(A)). Tellinghuisen and Phillips28 have shown that quenching of I2(A') by Ar is slow (k=2.8xl0"14 cm3 s'1) 
and that the primary mechanism of this process is collision induced dissociation. This is encouraging, but 
data for quenching by 02(X) and H20 were needed to further examine the role of I2(A') in the dissociation 
process. 

4. STUDIES OF THE QUENCHING OF I2(A') BY 02(X) AND H20 

As the required rate constants for quenching of I2(A') by 02 and H20 were not available we measured these 
parameters using pulsed laser pump-probe techniques. To populate the A1 state a mixture of I2 in Ar was 
excited by 193 nm pulses from an ArF laser.28 This initially promotes I2 to the D(0*) state. Collisions with 
Ar rapidly induce transfer to the D(2g) state, which then radiates down to A'3n(2u). This sequence occurs 
within the radiative lifetimes of the D and D' states (approximately 10 ns). The population in the A' state was 
monitored by probe laser excitation of the D'<-A' transition29. Loss of population from A' was followed by 
varying the delay between the pump and probe lasers. For low concentrations of I2 in 20 Torr of pure Ar the 
A' state decayed with a lifetime of about 30 us. This was consistent with the earlier study by Tellinghuisen 
and Phillips28. Metered quantities of 02 or H20 were added to the I2/Ar mixtures to observe quenching by 
these collision partners. The quenching rate constants were found to be (6.3±0.6)xl0'12 and (3.4±0.4)xl0"12 

cm3 s"1 for 02(X) and H20, respectively. 

These measurements showed that both 02 and H20 are much more effective quenchers of I2(A') than Ar. 
However, Heidner et al.'s9 models require H20 to be a better deactivator of 1/ than 02 whereas the present 
measurements indicate the opposite trend. This apparent disagreement can be resolved if quenching by 02 is 
dominated by the Franck-Condon favored transfer process 

I2(A') + 02(X
3r) -* I2(X, v>l0) + 02(a'A) {28} 

Data for matrix isolated I2/02 mixtures shows that this is, indeed, a facile transfer process30. 

5. REVISED KINETIC MODEL FOR THE DISSOCIATION OF I2 BY 02(a'A). 

To further test the hypothesis that I2(A') is a significant dissociation intermediate, a new kinetic model of the 
dissociation process has been examined. This model is based on the standard reaction set with the addition of 
reactions involving I2(X, 10<v<20) and I2(A'), and modification of some of the standard package rate 
constants. The full set of reactions and rate constants is listed in Table 1. Numerical integration of the 
coupled rate equations was used to predict I2(X) removal kinetics13. Several rate constants were manually 
adjusted to achieve reasonable agreement with the dissociation rate data of Heidner et al.9 The revised model 
gives a significantly better fit to the experimental data than the standard package. From a chemical physics 
perspective the most appealing aspect of the model is that the rate constants all have magnitudes that are 
appropriate for the types of process that they are associated with. Note that the specific values for the rate 
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constants in Table 1 are not unique and they are not fully optimized.   Further improvements could be 
achieved by coupling the differential equation solver with a non-linear least squares fitting routine. 

Table 1. Kinetic scheme used to simulate the experimental data of Heidner et al.9 

Reaction # Reaction 
 —            —  — 
Rate Constant/cm s" 

1 02(a)+02(a)->02(b)+02(X) 2.7x10"17 

21 02(b)+I2->02(X)+2I 4.0xl0'12 

40 02(a)+I->02(X)+I* 7.6x10'" 
41 02(X)+I*->02(a)+I 2.6xl0"n 

44 02(a)+I*->02(b)+I l.lxlO'13 

32 02(a)+I2-»02(X)+I2** 2.0xlOM 

34 02(a)+I2**->02(X)+2I 1x10" 
27 02(X)+I2**->02(X)+I2* 3x10" 
39 H20+I2**-»H20+I2* 5xl012 

38 I2*+02(a)->I2(A*)+02(X) 6xl012 

25 I2(A')+02(a)-»2I+02(X) 2xl010 

28 I2(A')+02(X)_>I2*+02(a) 6.3x10" 
29 I2(A')+H20-»I2+H20 3.4xl0~12 

63 I2*+H20-»I2+H20 1.2xl0"12 

64 I2*+02(X)->I2+02(X) 1.5x10"" 
65 I2**+Ar-»I2*+Ar 2.0x10" 
66 I2*+Ar-»I2+Ar 2.0x10" 
33 I*+I2-»I+I2** 3.5x10-" 
5 02(b)+H20->02(X)+H20 5.5x10-12 

48 I*+H20->I+H20 2.0x10"12 

67 02(b)+I2*->02(X)+2I 3.0x10" 

Boldface type is used to indicate reactions that are not part of the standard package and rate constants that have 
been assigned values that are different to those used in the standard package. The reaction numbering scheme 
is chosen to be consistent with Table 1 of reference 22. I2** is I2(X,v>20) and I2* is I2(X, 10<v<20). 

6. CONCLUSION 

The currently accepted model for the dissociation of I2 by 02(a*A) assumes that vibrationally excited I2 is the 
immediate precursor for atomic iodine. However, kinetic models based on this assumption lead to 
predictions of physically unreasonable rate constants for deactivation of I2

+ by H20 and Ar. New 
measurements for the quenching of I2(A') by H20 and 02(X) support the idea that electronically excited I2 
may be the dominant I atom precursor. A kinetic model of the dissociation process that includes 
electronically excited I2 gives a better fit to dissociation rate data than the standard model. Although we have 
not developed a unique set of rate constants for the new model, a physically reasonable solution is presented. 
The primary finding is that dissociation via an electronically excited I2 intermediate provides an improved 
description of the dissociation process. 
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Invited Paper 

Review of the US Air Force Research Laboratory's 10-kW RADICL laser 

Charles A. Helms* 
Directed Energy Directorate, US Air Force Research Laboratory 

3550 Aberdeen Ave SE, Kirtland Air Force Base, NM 87117 

ABSTRACT 

The US Air Force Research Laboratory has actively pursued the development of the Chemical Oxygen-Iodine 
Laser (COR.) since its invention in 19771. The power scaling potential of the CC4L was verified in the late 
1980's on the RotoCOR, device, which was later decommissioned. A smaller COR. teststand (ReCOR.) was then 
upgraded with a rotating-disk oxygen generator and a variable-height slit nozzle to become the principal testbed 
for continued COR. development The modified device was named the Research Assessment Device Iodine 
Chemical Laser (RADICL). RADICL has supported several major test campaigns during the past 9 years, many 
of which have been published. These include 2-D gain maps2, iodine dissociation studies3, magnetic gain- 
switching demonstrations4, mode-locking5, metal cutting/fiber delivery demonstrations, and more recenüy 
measurements of water concentration and oxygen yield . A review of the major results of these test programs and 
previously unpublished data are presented. 

Keywords: chemical oxygen-iodine laser, RADICL, COR., oxygen-iodine laser research 

1.   INTRODUCTION 

Since the first demonstration of the laser, military use of this technology has been pursued. One military application of lasers 
involves the use of high power lasers at long ranges within the earth's atmosphere. This type of mission carries with it a 
number of requirements for the laser system: high power, good beam quality, and good atmospheric propagation. It is also 
desirable to operate at a relatively short wavelength to permit the use of reasonably sized optics. 

The United States Air Force has conducted a vigorous research program to develop candidate laser systems for high power 
laser missions. This effort spawned the first demonstration of the chemical oxygen-iodine laser (COIL) in 1977. The COIL 
is driven by a chemical reaction between gaseous chlorine and an aqueous basic hydrogen peroxide solution (BHP) that 
yields electronically-excited oxygen (C^a'A)) as one of the reaction products. The singlet-delta oxygen in turn transfers 
energy via collisions to atomic iodine which lases at 1.315 microns. 

COIL technology has matured over the past 23 years from the initial demonstration to enabling major military programs such 
as the Air Force's Airborne Laser (ABL). The High Power Gas Lasers Branch of the Air Force Research Laboratory has 
played a significant role in the development of COIL. Perhaps the most significant COIL demonstration was the RotoCOIL 
test program conducted in the late 1980's where scaling to 25 kW was verified. Following the deactivation of RotoCOIL, the 
ReCOIL laser, a 1-2 kW sparger driven COIL, was upgraded and renamed RADICL. The upgrades included replacing the 
sparger oxygen generator with a rotating disk oxygen generator similar to the generators used on the RotoCOIL program. 
The 25-cm by 0.89-cm slit nozzle was replaced with a variable-slit nozzle adjustable from 0.38 cm to 2.16 cm. The ability to 
mix BHP external to the generator and flow BHP through the generator while lasing were also added. The upgrade from a 
sparger type oxygen generator to a rotating disk generator allowed the nominal chlorine flowrate to be increased from 0.15 
mol/s to 0.5 mol/s. 
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2. HARDWARE CONFIGURATIONS 

RADICL has had several configurations during its 9 year existence. The initial (nominal) configuration consisted of: 38 cm- 
diameter rotating disk generator, a transition duct to mate the generator exit dimensions of 20 cm by 20 cm to 25 cm wide by 
7.6 cm high, an adjustable height slit nozzle set at 25 cm by 0.89 cm, and a cavity total ramp expansion angle of 6 degrees 
(fig 1). Iodine and helium were injected approximately 1 cm upstream of the slit nozzle through 2 rows of holes on each of 
the upper and lower walls of the main flow duct (fig 2). Each upstream row contained 115 holes of 0.81 mm diameter and 
each downstream row contained 232 holes of 0.406 mm diameter. The expansion section of the nozzle was designed by the 
method of characteristics to provide relatively shock-free expansion using standard COIL gas flow and provided a factor of 2 
area increase at the nominal throat height of 0.89 cm. The original configuration did not include mirror boxes or bank 
blowers, and used 50 mm optics to outcouple power. The initial configuration also had the capability to flow BHP through 
the generator during lasing using a Viking gear pump with a capacity of 2.2 1/sec (fig 3). The gas flow was pumped using a 
combination of blowers and mechanical rotary pumps which provided a total pump capacity of approximately 40,000 CFM at 
pressures up to 20 torr. 

Figure 1. The original RADICL configuration showing the 
rotating-disk generator, liquid separator, transition duct, 
diagnostic duct, and nozzle/cavity. 

MariloM 

Figure 2. Detailed view of the RADICL nozzle and 
cavity showing iodine injection location. 

Figure 3. BHP flowloop system for the RADICL device. 

During 1993, advantage was taken of the ability to adjust the height of the slit nozzle. Since the nozzle expansion was fixed 
at a total change of 0.89 cm in height (to provide a factor of 2 increase at the nominal 0.89 cm throat height), changing the 
throat height also changed the MACH number in the cavity region. The throat height was tested at heights ranging from 0.38 
cm to 2.16 cm. 
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In late 1993, the volume of the transition duct between the oxygen generator and the diagnostic duct was outfitted with a set 
of plastic blocks to reduce volume and therefore reduce the quenching of singlet-delta oxygen in transport to the nozzle. The 
transport volume (defined as the volume from the exit of the diskpack to the choked throat) was reduced from 13 liters to 5.6 
liters. 

In order to increase the chlorine throughput of the device (and presumably power), an 45.7-cm diameter diskpack was 
designed and built for the RADICL generator housing. The generator housing was a "clamshell" type design, with a seam 
between the two halves running horizontally across the middle of the housing, bisecting the shaft mounts for the diskpack. 
The larger diskpack was able to use the same lower section, but required a somewhat larger upper section. A spacer was also 
required to provide clearance between the 45.7-cm disks and the liquid separator. 

2.   RESULTS OF MAJOR TEST PROGRAMS 

2.1. Iodine Dissociation Experiments 

In 1993, the Air Force became interested in high-pressure COIL operation. As part of an experimental test program to study 
high-pressure operation, a diagnostic to monitor molecular iodine absorption at 488 nm in the RADICL cavity was used. The 
subsonic pressure in RADICL was varied from roughly 60 to 130 torr by adjusting the helium flowrate through the generator. 
The chlorine flowrate was fixed at 0.5 mol/sec and the helium to chlorine ratio through the generator was varied from He:Cl2 

= 2:1 to He:Cl2 = 10:1. Both the power and cavity iodine dissociation were affected strongly and (at that time) unexpectedly 
by the changes in generator helium, secondary helium, and iodine flowrates (fig 4). A simple model was conceived3 to 
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Figure 4. Iodine dissociation and power as a function 
of l2:02 ratio and HeiCb ratio. 

Figure 5. Correlation between observed iodine dissociation and a 
computed initial rate of reaction for the slow step in the dissociation 
process. 

rationalize the results which focused on the initial slow step in the dissociation process as described by Heidner. Essentially, 
the model assumes that the first step in the dissociation is the pumping of ground-state molecular iodine to vibrationally- 
excited iodine by O^a'A). This reaction was assumed to occur at the surface of the iodine jets, where oxygen and iodine first 
combine. An initial number density for singlet-delta oxygen and iodine at the interface can be derived using flowrates and 

ProcSPIE Vol. 4184 15 



pressures. This very simple picture was able to predict all the observed trends (fig 5). Later, in 1994-1995, the dissociation 
experiments were repeated using RADICL in the "reduced transport volume" configuration discussed in section 2.2. 

2.2. Effect Of Transport Volume On Chemical Efficiency 

In the spring of 1994, an effort was made to eliminate as much volume as possible from the transport region between the 
oxygen generator and the sonic throat. A set of plastic ramps was installed to reduce volume while maintaining a smooth 
internal duct (fig 6). Power was measured as a function of chlorine flowrate under typical flow conditions for both the 
original volume configuration and the reduced volume configuration. These experiments were performed using both 38 cm- 
and 45.7-cm diameter generator diskpacks.  The sonic throat height was opened to 1.42 cm to further reduce transport loss of 
Oafa'A) relative to the nominal 0.89-cm throat. A summary of the results for the 45.7-cm diskpack tests at a He:Cl2 ratio of 
3:1 and with a penetration parameter7 maintained at 0.14 is shown in Figure 7. For the large volume original configuration, 
the power achieved did not exceed 11 kW regardless of the chlorine flowrate. This is due to increased loss of excited oxygen 
at the higher oxygen pressures produced by higher chlorine flowrate. When the volume was decreased, higher oxygen partial 
pressures could be effectively transported to the cavity. Similar trends were observed at other throat height settings. 
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Figure 6. Cross-sectional view of RADICL with and without 
volume reducing inserts. 

Figure 7. Power as a function of chlorine flowrate for the 
original volume and reduced volume configurations. 

2.3. Optical Diagnostics 

Starting in 1993, the US Air Force Research Laboratory has focussed on using room-temperature narrow-band diode laser 
technology to develop improved diagnostics for COIL research. Through a partnership with Physical Sciences Inc. (PSI), 
AFRL has acquired fairly mature diagnostic systems to measure water vapor, ground-state oxygen, and iodine atom 
absorption/gain in environments typically encountered in COIL devices. A sampling of measurements using these 
diagnostics is presented in this section. 

23.1. Excited-oxygen fraction 

Historically, the accurate determination of the fraction of singlet-delta oxygen in the flow of a COIL (oxygen yield) has 
proven very difficult. Approximately five years ago PSI began development of a diagnostic system that permits an accurate 
determination of the number density of Chf3!., v=0), from which the yield can be derived using a few reasonable assumptions. 
This method has been applied to determine the oxygen yield in the RADICL device. The yield was determined to be Y=0.41 
in the diagnostic duct using a 38-cm diskpack, 0.5 mol/s CI2 mixed with 1.5 mol/s He, and a throat height of 0.89 cm. The 
transport volume was 8 liters. When the transport volume was decreased to 5.6 liters and the slit nozzle set to 1.42 cm, the 
yield was determined to be Y = 0.52 for HeCl2= 3:1 and Y = 0.56 for He:Cl2= 4:16. 

16 Proc.SPIE Vol. 4184 



2.3.2. Water condensation in the COIL cavity 

A diode-laser-based probe has been designed and built by PSI that allows convenient measurement of water vapor in the gas 
flow of the RADICL device. The diagnostic was originally designed to operate in the subsonic diagnostic duct, but has also 
been used to observe water vapor in the supersonic cavity of RADICL. The question of whether water vapor condenses in 
the supersonic expansion in a typical MACH 2 COIL has been raised by several workers, and the water probe was used to 
study this issue. Li order to determine the fraction of water condensed, water number density was measured in the subsonic 
diagnostic duct and in the cavity under the same flow conditions. The number densities were then converted to water 
flowrates and compared to compute the fraction condensed. This approach assumes that the water is evenly distributed in 
the flow, and that the condensation is uniform from the top ramp to the bottom ramp. Under nominal conditions (0.5 mol/s 
Cl2,1.5 mol/s Hepri [Helium flowing through the generator], 0.89-cm throat), little condensation was observed. However, by 
cooling the gas by any of several methods, such as increasing the primary diluent ratio or not heating the secondary flow, 
significant condensation was observed (figure 8). By lowering the gas temperature, a greater supersaturation exists which 
results in increased condensation. 

RADIO.. WATER VAPOR CONDENSATION DATA 
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Figure 8. Water ccaidensation in the RADICL cavity and 1-d model prediction. 

2.4. Diagnostics Coupled to 3-D Modeling 

The optical diagnostics were used to test the capability of the 3-D MINT code to predict the performance of RADICL under 
variable laser operating conditions. Information about the flowfield determined from the diagnostics was used both as input 
to the model (e.g. water flowrate and oxygen yield) and to evaluate model results (e.g. small signal gain and dissociation). A 
set of 7 run conditions were selected that were designed to stress the ability of the MINT code to predict laser performance 
and cavity conditions. The selected case are shown in Table 1. 

Table 1. Description of modeled RADICL tests 
Condition Effect on Performance 

Nominal condition Establish baseline performance and conditions 
Low iodine flowrate Poor iodine dissociation 
Elevated iodine flowrate Excess singlet oxygen consumed in dissociation 
Low iodine jet penetration Poor mixing and use of singlet oxygen 
Elevated iodine jet penetration Poor iodine dissociation 
Elevated primary diluent ratio (He:Cl2=6:l) Poor iodine dissociation 
Elevated water content Excess deactivation of excited iodine by water 
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As seen from the table, several cases were designed to test the model's ability to predict the level of iodine dissociation in the 
RADICL cavity by changing each of several flowrates. This is perhaps the most critical and difficult event to model 
adequately. The agreement between experimentally-determined iodine dissociation and the computed dissociation at the 
same location are shown in figure 9. 
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Figure 9. Comparison of measured and predicted iodine dissociation for the 7 RADICL test cases using the 3-D MINT code. 

3.   SUMMARY 

The RADICL device has been a very useful learning and development tool that has served the US Air Force well, resulting in 
a number of publications. We look forward to the development of the next generation device as we continue to advance the 
state-of-the-art of COIL technology. 
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Supersonic COIL with iodine injection in transonic and supersonic 
sections of the nozzle 

S. Rosenwaks, E. Bruins, D. Furman, V. Rybalkin and B. D. Barmashenko 

Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel 

ABSTRACT 

We report on a detailed experimental study of the gain and temperature in the cavity of a supersonic chemical 
oxygen-iodine laser operating without primary buffer gas and on preliminary power measurements in this laser. In 
particular, a study is carried out to find optimal values of the flow parameters corresponding to the maximum gain. The 
measurements are performed for slit nozzles with different numbers and positions of iodine injection holes. Using a diode 
laser based diagnostic, the gain and temperature in the cavity are studied. Maximum gain of 0.73%/cm is obtained at 
chlorine and secondary nitrogen flow rates of 15 mmole/s and 7 mmole/s, respectively, for a slit nozzle with transonic 
injection of iodine. Preliminary power measurements are performed. For slit nozzle with iodine injection in me diverging 
part of the nozzle output power of 287 W with chemical efficiency of 21% was measured at 15.1 mmole/s of Cl2 with no 
primary buffer gas. This is the highest reported chemical efficiency of a supersonic COIL operating without primary buffer 
gas. 

Keywords: chemical lasers, oxygen, iodine, power lasers. 

1. INTRODUCTION 

Recently in '■2 we reported on an efficient supersonic COIL applying simple grid nozzle geometry and transonic mixing of 
iodine and oxygen. This scheme of transonic mixing made it possible to obtain output power of 190 W at 11.8 mmole/s of 
Cl2 with no primary buffer gas and very small secondary N2 flow rate (~ 1 mmole/s). In the present paper we report on 
measurements of the gain and temperature in the cavity of a slit nozzle, supersonic COIL operating without primary buffo- 
gas and using different schemes of iodine injection. Just as in 3 the measurements are performed using diode laser-based 
diagnostic. Both the gain and the temperature are measured as functions of the iodine flow rate, chlorine and secondary 
buffer gas flow rates, optical axis position along and across the flow and Mach number in the cavity. The results are 
compared with those obtained in 4 for a grid nozzle. Preliminary power measurements are done for some of the nozzles. 

2. EXPERIMENTAL SETUP 

The experimental setup, including a jet-type singlet oxygen generator (JSOG), is similar to mat used in2 and5. The oxygen 
produced in the generator flows to a diagnostic cell with a flow cross section of 1 x 5 cm2, which serves as an interface 
between the generator and iodine injectors housing. The O^A) yield, water vapor fraction, Cl2 utilization and the 
temperature of the subsonic flow are simultaneously measured in the diagnostic cell as described in 5. The iodine-oxygen 
mixing system is located downstream of the diagnostic cell and uses slit supersonic nozzle. In mis paper we study slit 
nozzles with iodine injection in transonic and supersonic sections of the nozzle and different numbers and diameters of the 
injection holes. The results are compared with those obtained using grid supersonic nozzle with transonic iodine injection 
described in 4. The slit nozzles (Fig. 1) have the same critical cross sections of 2.5 cm2 as the grid nozzle described in 5. 
They have two rows of injection holes in each wall (top and bottom), hi slit nozzles No. 1 and 2 iodine is injected at the 
nozzle throat and in nozzle No. 3 - in the diverging section of the nozzle. The first row of nozzle No.l has 24, 0.6-mm 
diameter holes and the second row (lying 1 nun downstream of the first one) has 25,0.4-mm diameter holes. The total cross 
section of the injection holes of nozzle No. 1 is close to that of the grid nozzle. The first row of nozzle No.2 has 31,0.6-mm 
diameter holes and the second row 62,0.4 mm diameter holes. Thus, slit nozzle No.2 has a smaller mixing scale but higher 
total cross section of the injection holes than nozzle No. 1. The first row of nozzle No.3 is located 3 mm downstream of the 
critical cross section and has 49,0.5-mm diameter holes and the second row has 50, 0.4-mm diameter holes. The total cross 
sections of the injection holes for nozzles No.2 and 3 are larger than for nozzle No. 1. The laser section starts at the nozzle 
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2 
exit plane (flow cross section of 5 x 1 cm ) from where the floor and the ceiling diverge at an angle of 8°. The optical cavity 
has 5 cm gain length and consists of a flat mirror and a mirror of 2 m curvature. In most experiments the gain was measured 
at the optical axis of the cavity, i.e., at the centerline of the flow. Two optical axis positions are available: 4.5 and 8 cm 
downstream of the nozzle exit-plane. The pumps provide a volumetric pumping rate of 1400 L/s, which is 3 times higher 
than the pumping rate in our previous experiments ' and3. 

The iodine diagnostic system used in the present work was developed by Physical Sciences Inc. It is based on sensitive 
absorption spectroscopy by tunable near infrared diode laser monitoring gain g for the I*(5p5 2P1/2, F=3) -> I(5p5 2P3/2, F = 
4) transition at 1315 nm. The laser frequency is scanned over the I transition in a single pass configuration through the gain 
region in the cavity. The temperature T of the gas in the cavity is found from the width of the Doppler profile of the I 
transition. 

3. RESULTS AND DISCUSSION 

3.1. Measurements of the gain and temperature 

In our experiments the pumping rate and hence the pressure/? in the cavity are controlled by opening a leak downstream of 
the cavity. Some experiments are carried out with opened leak and hence smaller pumping rate and Mach number in the 
cavity. It is done to compare our present results with the results of experiments with grid nozzle 4 performed with old pumps 
having smaller volumetric flow rate of 450 L/s. The opening of the leak is chosen to get the same p (about 1.5 Torr) as in 
experiments 4 with the grid nozzle at chlorine flow rate «CI2 = 11.7 mmole/s. The maximum gain g = 0.53 %/cm, 
optimized for iodine («12 ) and nitrogen («N2) flow rates, at nCl2 = 11.7 mmole/s is obtained for slit nozzle No. 1 (with 
smaller number of the injection holes). For slit nozzles Nos. 2 (with transonic injection and larger number of holes) and 3 
(with iodine injection in the diverging section) the maximum values of g are 0.45 %/cm and 0.4%/cm, respectively. The 
maximum gain for slit nozzles Nos. 1, 2 and 3 under the present conditions is higher than that for the grid nozzle (0.34 
%/cm, see 4). This is probably because the gain measurement in a grid nozzle averages over high and low gain areas, 
whereas in a slit nozzle the measurement stays in a high gain region. 

The maximum gain decreases as the optical axis is moved downstream from the first to the second position located 4.5 and 
8 cm downstream of the nozzle exit, respectively. For the optical axis located 8 cm downstream of the nozzle exit, 
maximum g of 0.44 %/cm is obtained for nozzle No. 3 at 7JCI2 = 20 mmole/s. This value of g is smaller than 0.48 %/cm 
measured for the optical axis located 4.5 cm downstream of the nozzle exit plane at the same «CI2 . A possible reason is 

quenching of I* and I2* (mainly by H20) and (>2( A) losses with distance. This result is in agreement with the conclusion of 
2 that maximum power is achieved when the distance between the optical axis and the supersonic nozzle exit plane is 
minimal (4.5 cm). That is why all the experiments described below are carried out for the optical axis located 4.5 cm 
downstream of the nozzle exit. 

To obtain maximum pumping rate and Mach number the rest of the experiments are carried out with closed leak 
downstream of the cavity. For high pumping rate the gain measured at 11.7 mmole/s of chlorine is higher than that 
measured for low pumping rate. For nozzles No. 2 and 3 the maximum values of the gain, 0.65 and 0.55 %/cm, 
respectively, are higher than the values of g (0.45 and 0.4%/cm, respectively) obtained for the same nozzles with opened 
leak. Figs. 2 shows dependencies of g and Ton rA^ for the slit nozzles No. 2 at /1CI2 = 11.7 mmole/s. Just as in 4 g is a 

non-monotonous function of »12. Unlike the gain, T increases monotonously with iodine flow rate. The value of T 
corresponding to the maximum gain is rather high (-250 K). This is due to the large heat release in the iodine dissociation 
reaction and the absence of primary buffer gas. Increase of nCl2 from -12 mmole/s to -20 mmole/s results in a very small 
rise of the gain. For example, for nozzle No. 2 the gain increases from 0.65%/cm to 0.67 %/cm which is within our error 
limits. 

To check the mixing efficiency for closed leak, we measured the gain at wCl2 =20 mmole/s at a point located 0.2 cm down 
of the centerline of the flow at equal distances from the centerline and the floor of the supersonic section. The maximum 
gain of 0.44%/cm obtained for very high nl2,0.43 mmole/s, is smaller than that obtained in the centerline (0.67%/cm). For 
«12 = 0.33 mmole/s (corresponding to the maximum value of g at the centerline), the gain is 0.34%/cm, i.e., only about half 
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of the gain at the centerline, whereas T is only 220 K, i.e., lower than the temperature at the centerline (250 K). That means 
that for nN2, corresponding to the maximum gain at the centerline of the flow, the elemental iodine is concentrated near 

the centerline, and the mixing is slow. 

To optimize the gain, «Cl2 was varied in the range between 12 and 20 mmole/s. The maximum gain of 0.73%/cm was 

obtained in run No. 9 at «Cl 2 of 15 mmole/s. 

3.4. Measurements of laser power 

Preliminary measurements of the power were performed for slit nozzles No. 1 and 3, with iodine injection in the sonic and 
diverging part of the nozzles, respectively. The total mirror transmission was about 0.6%. For Nozzle No. 1 the flow 
conditions were close to the conditions corresponding to the maximum gain at wCl2 of 11.7 mmole/s: no primary buffer gas, 
nN2 of 2.5 mmole/s. The maximum power was W= 210 W. The chemical efficiency, defined as 07(91 x nCl2), is 20%. 
This value is a little higher than the 18% efficiency obtained under similar conditions in our grid nozzle (Ref. 2). For nozzle 
No. 3 output power of 202 W with chemical efficiency of 15% was measured at 15.1 mmole/s of Cl2 ,no primary buffer gas 
and secondary N2 flow rate of 12.8 mmole/s. However, when the diagnostic cell was replaced by a short adapter, reducing 
the transport volume between the generator exit and the iodine injection location from 95 cm3 to 25 cm , the power was 
substantially increased to 287 W, corresponding to chemical efficiency of 21%. The reason for the power increase is the 
rise in yield and decrease of stagnation temperature due to smaller losses of 02(

XA). For both Nozzle 1 and 3 the power and 
chemical efficiency did not change as Ihe leak downstream of the cavity was closed. 21% efficiency is the highest reported 
chemical efficiency of a supersonic COIL operating without primary buffer gas. 

4. SUMMARY 

A parametric study of the gain and temperature in a supersonic COIL operating without buffer gas makes it possible to find 
optimal values of the flow parameters corresponding to the maximum gain. Maximum gain is achieved when the distance 
between the optical axis and the supersonic nozzle exit plane is minimal (4.5 cm). For this position of the optical axis 
maximum gain of 0.73%/cm is obtained at chlorine and secondary nitrogen flow rates of 15 mmole/s and 7 mmole/s, 
respectively, for a slit nozzle with transonic injection of iodine. For higher chlorine flow rate of 20 mmole/s the maximum 
gain is a little smaller, 0.67 %/cm. The value of the maximum gain is almost the same for two slit nozzles (Nos. 1 and 2) 
with transonic injection and different numbers of injection holes, which means that mixing in the direction of the optical 
axis is good. However, measurements at a point located down of the flow centerline show that the gain is strongly 
non-uniform in direction perpendicular to both the flow direction and optical axis, which means that the overall mixing is 
poor. For slit nozzle No. 3 with iodine injection in the diverging part of the nozzle the values of the maximum gain are 
smaller than for the nozzles with transonic injection. Opening a leak downstream of the cavity in order to decrease the Mach 
number and increase the cavity pressure results in the decrease of the gain. Maximum values of the gain obtained using the 
slit nozzles are much higher than the values measured in 4 for a grid nozzle where the maximum gain was only 0.34%/cm. 
Preliminary power measurements were performed. For slit nozzle with iodine injection in the diverging part of the nozzle 
output power of 287 W with chemical efficiency of 21% was measured at 15.1 mmole/s of Cl2 with no primary buffer gas 
and secondary N2 flow rate of 12.8 mmole/s. This is the highest reported chemical efficiency of a supersonic COIL 
operating without primary buffer gas. 
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Fig. 2. The gain and temperature at the cavity optical axis for slit nozzle No. 2 as a function of the iodine flow rate. The 
chlorine and secondary nitrogen flow rates are 20.1 and 8.7 mmole/s, respectively, the leak downstream of the cavity is 
closed. 
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ABSTRACT 

A study of chemical oxygen-iodine laser (COIL) for the use of decommissioning and dismantlement of nuclear facilities is 
conducted. A scaled-down model was developed as a prototype. Laser duct and optical cavity were designed so that it can 
be operated in both supersonic mode and high-pressure subsonic mode for the comparative study. A 1.34kW output with 
chemical efficiency of 24.6% was obtained in the supersonic mode. In the high-pressure subsonic mode, output power was 
1.12kW with chemical efficiency of 20.6%. A subsonic operation at 12Torr was demonstrated for the first time. A 
preliminary experiment of thick steel cutting was demonstrated by the developed system. The obtained data was in good 
agreement with published data. 

Keywords: iodine, laser, decommissioning, industrial laser, COIL, subsonic 

1.   INTRODUCTION 

Chemical oxygen-iodine laser (COIL) has several unique characteristics that are suitable for industrial applications, such as 
high power (up to megawatts), good beam quality, and optical fiber availability. 
Among the possible applications of COIL such as automotive industries,1* or heavy industries, the decommissioning and 
dismantlement (D&D) of the nuclear reactors is the most promising one. It can be said that there is no other practical 
candidate for the D&D application, since no laser can operate at >10kW output at a wavelength where optical fiber delivery 
is available. 
There are two more facts that make COIL as a promising candidate of D&D laser. Firstly, since this specific application 
does not require a 24-hours-a-day operation, the existing COIL 
technology is ready for a practical solution. Secondly, since 
COIL is a chemical laser, it does not require an electric input in 
principle. That means COIL can be constructed as a mobile laser 
system. 
Last year, we proposed three operational modes of industrial 
COILs.2) Among them, what we call Mode II was devoted for 
D&D application. Figure 1 shows the schematic drawing of the 
Mode II COIL. Initially, a sufficient amount of BHP for designed 
operational period is supplied. After the operation, the worn BHP 
is taken away and refreshed at a plant placed where electricity 
and resources are easily available. From the experience in the 
Kawasaki Heavy Industries, 220 liter of BHP is required for 
lkWh  operation  without  BHP  refreshment.  Based  on  our 
previous studies, we have proposed a conceptual design of a 
30kW COIL system operating in Mode II.3) It was estimated that 
such a system could be contained in five train-containers. Fig. 1: Block diagram of the Mode H COIL 

* Correspondence: Email: masamori@keyaki.cc.u-tokai.ac.jp; Telephone: +81-463-58-1211 Ext. 3721; 
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In this study, we develop a scaled-down model of a D&D COIL system operating in Mode II. The output power was 
decided to be lkW owing to the available vacuum pump system. The operational characteristics of the developed system, 
and the results of the preliminary D&D experiments are presented in this paper. 

2.   EXPERIMENTAL SETUP 
Measurement 

and control 

Brine cooler 

Fig. 2: Schematic drawing of the experimental setup. 
can switch the operation mode from supersonic to subsonic quickly, 
by changing the detachable supersonic nozzle and shifting the 
position of the optical cavity. When we operate the system in the 
high-pressure subsonic mode, the capacity of the present vacuum 
system was too large. Therefore, a choke valve was used to adjust 
the effective vacuum capacity. 
A BHP recirculation system consists of the LH-640 lobe pump 
(ITT Jabsco), synchronous motor and variable frequency inverter is 
devised. The pump is operated at low revolution (200~250 rpm 
typ.) to prevent cavitation of the BHP. Photo 1 shows the 
experimental facility viewed from the upstream. 

Figure 2 shows the experimental facility. It consists 
of a large BHP tank (5001iter max.), counter-flow 
type liquid jet SOG, laser cavity, vacuum pump, gas 
and liquid neutralizer, gas supply system, and 
measurement/control subsystems. Although the mode 
II system must be designed to be mobile, the 
limitation of the research fund did not allow us 
redesign the vacuum pump and gas/liquid neutralizer. 
Therefore, they were same as the one we used in the 
previous studies, and therefore, not in the scope of 
this study. 
Laser duct and optical cavity were designed so that it 

Photo 1: Experimental setup. 

3.   EXPERIMENTAL RESULTS 
3.1.   Full-power operation 

The developed COIL system was operated in supersonic mode and high-pressure subsonic mode. After the optimization of 
the operational conditions, we have obtained the maximum output power in supersonic and subsonic mode as Table 1. Note 
that we did not apply the primary-buffer cooling technique in this study. 

Table 1: Maximum output power and operational conditions 
Op. mode 

Supersonic 

Cl2 
[mmol/s] 

Primary buf. 
[mmol/s] 

Secondary buf. 
[mmol/s] 

Output 
|kWl 

Flow velocity 
[m/sl 

Chemical eff. 
[%1 

Spec, energy 
rj/n 

60 40 60 1.34 400       J 24.6 1.12 
Subsonic 60 30 60 1.12 110 20.6 2.18 

In the supersonic mode, we have successfully reduced the buffer gas flow rate at a half of our previous studies.4' The flow 
duct was originally designed for Cl2:N2=l:2, the try-and-error basis optimization enabled us to operate the device in a very 
low buffer gas flow. As a result, the specific energy was doubled compared to the previous operations in supersonic mode. 
This result reminded us that the supersonic mode operation might be still attractive. 
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In the high-pressure subsonic mode operation, we have operated the device at 6 Torr. The obtained output was lower than 
the supersonic mode. Nevertheless, it exceeded the design criteria. The specific energy resulted in much lower than our 
record.5) The reason is still unknown. More detailed comparison of the flow parameters (pressure, velocity, etc..) to the 
previous device is now being conducted. 

4k 

3.2.  High-pressure operation 

We increased the operation pressure of the system in the subsonic 
mode further to obtain the higher specific energy. The result is shown 
in Fig. 3. The specific energy increases in proportion to the operation 
pressure. However, that was obtained only with the degradation of 
the chemical efficiency and output power. 
The highest specific energy was obtained in the operation at 12Torr. 
As far as we know, it was the highest static pressure of subsonic 
COIL ever obtained. 

3.3.  Long-term operation 
Pressure at optical cavity [Torr] 

Although one of the primary goals of this work is the long-term        Fig. 3: Operation pressure vs. specific energy and 
stable operation,  it has not been possible so far due to the       chemical efficiency. 
unacceptable rise of the BHP temperature. Two to three minutes is the current limit of operation at lkW output. This was 
due to the improperly designed heat exchanger, which is immersed in the BHP tank. The long-term operation was tried at a 
reduced chlorine flow rate (40 mmol/s). Up to 40 minutes of operation was demonstrated, however, it was terminated 
because the BHP temperature exceeded 0 °C. 

3.4.   Thick steel cutting experiment 

Side view Focusing lens MOOmm 

Assist gas nozzle 
Oxygen 2kg/cm2 

Top view 

Fig. 4: Schematic drawing of the thick steel 
cutting experiment 

d_ 

P 

a" 

Followed by the successful operation at a lkW output power, we 
conducted a preliminary D&D experiment. The prepared materials were 
mild steel (SS41) and stainless steel (SUS304). Figure 4 shows the 
experimental setup. 
Figure 5 shows the cutting capability as a function of the thickness. As 
the thickness increased, the cutting capability decreased further than the 
first-order approximation, namely, *fa=const, where d is the material 
thickness, and v is the cutting speed. This can be explained by the heat 
loss through the kerf. 
Two models are known for the thick metal cutting by laser. One was 
proposed by the group of Kawasaki Heavy Industries as6) 

- = -SL-J. (1) 
P    vwk+ß 

where d is the cut depth, P the laser power, v the cutting speed, wk the 
width of the kerf (to be exact, they used the beam diameter instead of the 
kerf width), a and ß are empirical constants derived by the thermal 
property of the materials and laser wavelength. The other model was 
proposed by the Phillips Laboratory as7) 

(2) 
vwk+ß'jwh' 

where a' and ß' are empirical constants similar to Kawasaki model. Note that the as and fc have slightly different 

meaning in both models. 
Figure 6 shows the published data of thick steel cutting by COIL in the Philips Laboratory.^ The cutting capability per unit 
output power is plotted as a function of the (kerf width)(cutting speed). Open plots show the results of Ref. 7, while filled 
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plots show our results. The dashed line and the solid line represent the 
theoretical prediction by Eq. (1) and Eq. (2), respectively. 
It is seen that our results were slightly better than the one of Ref. 7. It can 
be explained by the difference in the assist gas species. They used He or 
N2 while we used 02 as an assist gas. 
Both theories predict the experimental results correctly in the range of 
the experimental data. However, the predictions of both models differ 
considerably    in    the 10 
case  of slow  cut  of 
very   thick    material. 
Now we are capable of 
conducting D&D 

5     6    7   8  9 10 
material thickness [mm] 

Fig. 5: Cutting speed as a function of material 
thickness. 

experiments, our next 
goal is the verification 
of the model and 
prediction of the 
performance of the real 
D&D COIL, using the 
current   device   as   a 

simulator. 
The cutting capability of a 300mm stainless steel was calculated using Eq. 
(1) and Eq. (2). The output power, beam quality, and the focal length of 
the lens were assumed to be 30kW, A^=40, and 1500mm, respectively. 
While Phillips model predicts the cutting speed of 12mm/min, Kawasaki 
model predicts the cut off is impossible.  The need for the model 
verification is highlighted by this estimation. 

4.   CONCLUSIONS 

E 
E 
Q. 

0° 

Kawasaki model 

Phillips model 

01 0.1 

v.wk [m/min].[mm] 
Fig. 6: Cutting depth per unit laser power as a 
function of (cutting speed)-(kerf width). 

A scaled-down model of COIL for D&D applications has been developed. Laser duct and optical cavity were designed so 
that it can be operated in both supersonic mode and high-pressure subsonic mode for the comparative study. A 1.34kW with 
chemical efficiency of 24.6% was obtained in the supersonic mode. In the high-pressure subsonic mode, output power was 
1.12kW with chemical efficiency of 20.6%. A subsonic operation at 12Torr was demonstrated for the first time. As a result, 
specific energy of 3.8J/liter was obtained. Long-term operation has not been proven yet because of the temperature rise of 
basic hydrogen peroxide (BHP). A preliminary experiment of thick steel cutting was demonstrated by the developed system. 
The obtained data was in good agreement with published data. It was shown that the predictions of the D&D COIL 
performance was quite different depended on the model used. 
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ABSTRACT 

A multi-kilowatt supersonic chemical oxygen iodine laser (COIL) has been constructed. Two types of jet singlet oxygen 
generator (SOG) such as tube-array and plate have been tested. An output power of 8.8KW with chemical efficiency of 
21.4% was obtained at the chlorine flow rate of 450mmole/s. The influence of BHP (basic hydrogen peroxide) temperature 
on the output power of COIL has been studied. And the absolute concentration of 02(

! A) in the jet SOG was measured using 
the Piston-source method. 

Keywords: Chemical oxygen iodine laser (COIL), singlet oxygen generator (SOG), chemical efficiency 

1.    INTRODUCTION 

The chemical oxygen iodine laser (COIL) is the first chemical laser of electronic transition1. It has a lot of attractive features 
including shot-wavelength, high efficiency, high energy density, low operational temperature, and high scalability. Its 
wavelength of 1.315um is ideal for optical fiber delivery. In addition, a high-quality output beam is expected owing to its 
low-pressure gain medium. Because of these unique characteristics, COIL has the potential applications in industry and 
military. 

The lasing of COIL is based on a transition in the hyperfine structure of the iodine atom: 

I(2Pu2))+nhv ->/(2^/2) + (" + 1)ÄV (1) 

Where hv=1.51xl0"nJ. In the COIL, the I (2P1/2) level of the iodine atom is excited by energy transfer from the first 
electronically excited state 02 (

!A): 

02(
lA) + I(2P3/2) -> 02(

3Z) + I(2PV2) (2) 

The singlet oxygen is obtained in a generator via a chemical reaction between chlorine and basic hydrogen peroxide (BHP): 

2KOH + H202+ Cl2 -» 02 (lA) + 2H20 + 2KCI (3) 

The reaction includes several steps2 actually: 

OH~ +H202 -> H20+H02~ 

HO~ + Cl2 -> HOOCl + a - 

H02' + HOOCl -+ H202 +C102 

ClO{ ->02(*A)+Cr 

In the COIL, prior to lasing 02 (*A) dissociates the molecular iodine, which is one of the most complicated and least 
understood processes. The iodine atoms are obtained via autonomous dissociation of iodine molecules in the presence of 
singlet oxygen, This process is considered as a two-step reaction process as follow: 

02(
1A) + /2->02(

32) + /2(v) 1 (5) 

72(v) + 02('A) -> 02(
32) + 2/(2/>3/2)j 
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According to these chemical processes, we have constructed our CW supersonic COIL system with a jet SOG, an 
electrically heated iodine generator, an array-nozzle bank, and an unstable resonator as well as a vacuum pumping system4. 

2.    EXPERIMENT 

2.1. The tube-type jet SOG 

The generation of 02 (
!A) at high pressure in the jet SOG created new possibilities for preparing active medium of a supersonic 

CODL. The high-pressure jet SOG is based on the reaction of the Cl2 flow with the counter-flowing jet of the BHP. 

The plate injector-shower is used generally in the jet SOG, and the plate-thick is 4~6mm but the pressure drop through the 
plate is higher, so the liquid pressure before the plate is more then 1.5-2.0 arm. Therefore, a heavy BHP pumping system is 
needed for COIL with plate-type jet SOG. The rigidity of the tube is better than the plate; the tube is ideal material for the 
jet-shower. The setup of COIL with the tube-type jet SOG is shown in Fig. 1. 

Cold Trap (optional) 

Gas/Liquid separator 
III     Plrm/ —--Ä 3. —   '—  ./ 

Pump 

BHP pump 

Fig. 1 The experimental setup of COIL with a tube-type jet SOG 

There are forty tubes of 10 cm length and 4 mm i.d. in the SOG, and twenty-five liquid jet holes, 0.7 mm i.d. on each tube. 
The arrangement of the tubes is shown in Fig.2. In our experiments, the BHP feeding pressure in the tubes is between 0.6- 
0.7 arm. 

Fig.2 Schematic of the tube array 
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Fig.3 The variation of 02('A) yield with the SOG pressure 

Due to the main path of gas quenching of 02 (*A) is the energy pooling process: 

02('A) + 02('A) -> 02('l) + 02(
3I),     K = 2.7xlfT17cmImolec-sec (6) 

So the concentration of 02 (*A) which measured by the Piston source method5 will be decreased with the pressure increase 
in the jet SOG and has been proved experimentally as shown in the Fig.3. 
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The parameters of the tube-type SOG are summarized in Table 1. 

Table 1     The tube-type SOG parameters 

Cl2flow rate 450 mmol/s 

He flow rate 1800 mmol/s 

JSOG volume 8.0 L 

JSOG pressure 50-100 torr 

Specific surface area ofBHPjet -3.5-4.0 cm1 

Initial concentration ofHOi 6.7mol/l 

Velocity ofBHPjet 10 m/s 

Velocity of gas flow 20-40 m/s 

Coefficient of mass transfer in liquid phase 12.3 cm/s 

TBHP 250-263 K 

The results of the experiments are that the output power of the COIL increases with the temperature of BHP of the COIL 
using water vapor trap (Fig.4). Because Uci2 and YA increase with the temperature of BHP, the output power of the COEL 
will be increased. 

The process of 02 (*A) generation can be regarded as a surface reaction in BHP jet: 

Cl2+H02~ -*02C&) + 2Cr+H+,     Ä: = 1.15xl034exp(-15816/rw)
6 (7) 

And there is an empirical formula for k where Tw is the average surface temperature of the BHP jet. The calculated results 
show the relation of the Uci2and YA with given Tw and found that the results agreed closely with the experiments in Fig.5. 
The Tw is usually about 10-20 °K higher then TBHP due to the exothermic reaction7. 
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Fig.4 The relation of output power with TBHp Fig-5 Experimental results of Ua2, YA with THP 

An output power of 8.8 KW and chemical efficiency 21.4% has been achieved at chlorine flow rate as 450 mmol/sec by 
using the tube-type jet SOG. 

2.2 The U-shaped folded unstable resonator and UR-90 outputting annular beam 

For a high power COIL system, an unstable resonator suitable for lager mode volume is critical important. It cannot only get 
a large controllable mode volume, but also has good transverse mode and better beam quality. In general, confocal unstable 
resonator is used in the COIL system. 
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Due to the gain region of the COIL is longer, we designed and used a U-shaped folded unstable resonator as shown in Fig.6. 
Experimental results show that the output power of the COIL with the U-shaped folded unstable resonator has been 
increased one and half times compared with the conventional unstable resonator. And the beam quality ß as 4-5 is achieved. 
These experiments is completed on the COIL with rotating disk SOG4 

It is very important that how to obtain good beam quality in the supersonic transversely flowing medium. The conventional 
confocal unstable resonator has some advantages such as large controllable mode volume, good transverse mode 
discrimination and efficient coupling output, but it is very difficult to obtain a near diffraction limit beam because its 
sensitive to the medium heterogeneity and cavity misalignment.8 The configuration and experimental results of UR-90 with 
filled-in output beam were previously reported.9 

GAS FLOW 

ROOFMIRRORI 

I GAIN ZONE ROOFMTRROR ROOFMIRROR2 

Fig.6 Schematic of the U-shaped folded unstable resonator Fig.7   Schematic of UR90 with annular output beam 

The schematic configuration of UR-90 with annular output beam is illustrated in Fig.7. The greatest difference between 
UR90 with annular output beam and filled-in output beam is the shape and position of the output scraper where the former is 
placed on-axis and later is located off-axis. The actual parameters of the UR90 with annular output beam are listed in Table 2. 

Table 2   UR-90 with annular output beam parameters 

Magnification 1.69 Diameter of beam 38 

Concave radius/mm 6000 LJmm 3208 

Convex radius/mm 3540 Ij/mm 1230 

Equivalent Fresnel number 5.4 LJ mm 5390 

Hole radius of scraper mirror/mm 11.2 Cavity length/mm 9828 

The far field intensity distribution of the UR90 with annular output beam is shown in Fig.8 in case of magnification of 1.69 
and average output power of 4kw. 

s 

Fig.8 Plot of the far field intensity profile pattern of the UR90 with annular output beam in case of magnification of 1.69. 
The focusing lens has a 5-m focal length. 

The measured beam divergence is 0.27mrad, and the beam quality of ß=3.2 has been achieved, where ß is define as 
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Where Qe^erimen, is the measured beam divergence and Qlheory is the divergence of a filled-in beam with uniform amplitude 

and phase at the same beam dimension. 

3. CONCLUSION 

The COIL is a most attractive short wavelength chemical laser system with very good scalable ability, excellent beam 
quality and good transfer performance in optical fiber. 

Although the performance of the tube-type jet SOG is same as the plate-type jet SOG, but the BHP feeding pressure needed 
is only 0.6-0.7 arm. Sequent BHP pumping system will be not heavy. This is very important for the application. 

The U-shaped folded unstable resonator is really effective for increase chemical efficiency and improving beam quality 

.The UR-90 with annular output beam is useful for COIL to obtain the near diffraction limit beam quality. 
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ABSTRACT 

An RF plasma jet generator of singlet delta oxygen has been developed for use in an oxygen-iodine laser. The 
plasma jet was produced in an Al cylindrical nozzle, having the inner diameter of 3 mm and the length of 8 mm. The 
discharge was done in the gas mixture O2:N2:NO=200:20:10 seem and then it was chilled reactively by the mixture 
Ar:NO2=200:10 seem, which was injected into the plasma jet at the nozzle exit. The RF frequency was 99.9 MHz and the 
RF power was 200 W. The 02(a'Ag) relative yield of 32 % was achieved at the pressure of 0.43 Torr. The current device 
DSOG-3 was tested in a discharge oxygen-iodine laser 0->OIL). The reaction scheme of DOIL is the same as in COIL, 
except of the generator of singlet delta oxygen. The pressure inside the laser was 0.6-0.9 Torr and the mixtures 
O2:NO=200:100 seem and Ar:NO2=100:100 seem were used. The iodine flow rate was 0.3 mmol/min. Both types axial and 
transverse subsonic flow lasers were examined. The latter had better performance. The CW output power was 3 nW at the 
laser wavelength of 1315 nm, when the yield of 02(a

lA^) was 25 %. The RF DOIL has been demonstrated experimentally. 

Key words: radio-frequency plasma, plasma jet, plasma chilling, hollow cathode, molecular singlet delta oxygen, chemical 
oxygen-iodine laser, discharge oxygen-iodine laser, axial flow, transverse flow. 

1. INTRODUCTION 

The chemical oxygen-iodine laser (COIL) works on the 2Pia->2P3/2 transition of the iodine atom by energy 
transfer from molecular singlet delta oxygen 02(a'Ag). Since the first experimental demonstration of COIL1, excited oxygen 
has been usually produced by the chemical reaction of Cl2 with basic solution of H202 in a chemical singlet oxygen 
generator. Previous attempts to make an alternative generator of 02(a

1Ag) for use in an oxygen-iodine laser suffered either 
from a low relative yield of singlet delta oxygen t02(o1Ag)]/[02]toQi or from a low pressure of oxygen. The population 
inversion in COIL at the room temperature is achieved at the relative yield of about 17 %. Taking into account laser 
resonator losses, it is desirable to achieve a yield of around 30 % at an oxygen pressure of around 0.5 Torr. In this paper we 
report an RF plasma jet generator of 02(a

1Ag), which has been developed for a discharge oxygen-iodine laser (DOIL). The 
reaction scheme of DOIL is the same as in COIL, except of the generator of singlet delta oxygen. 

2. RF PLASMA JET GENERATOR OF SINGLET DELTA OXYGEN 

The generator labeled as DSOG-3 is schematically shown in Fig. 1. The current device DSOG-3 is an improved 
version of DSOG-2, which was used in our experiments previously2. The discharge chamber consisted of two electrodes 
with insulation in coaxial arrangement. The outer-grounded electrode and the RF nozzle were made of pure Al and they 
were water-cooled. Gas was fed into the nozzle. High purity gases were used. The RF power was supplied via an impedance 
matching network. A typical pressure upstream the nozzle was about 6-9 Torr and 0.1-0.9 Torr downstream. The RF 
frequency was 99.9 MHz and the RF power was up to 200 W. The pumping velocity was up to 600 m3/h and it could be 
changed by a throttling valve. 
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During the development stage the gas mixture 
O2:N2:NO=200:20:10 seem appeared to be the best one. The 
basic production channel of O^a'Ag) is the electron impact on a 
ground state molecule of oxygen. However, this way can 
produce only 10-13 % yield of O^a'Ag), if only pure 02 is used. 
The enhancement due to N2, described in DSOG-2 experiments2, 
increases the yield slightly by 2-3 %. NO is used in order to add 
another production channel of 02(a'Ag) generation. Such 
enhancement is caused by energy transfer from electronically 
excited state of NO molecule to oxygen molecule2 

NO(a4n,) + 02 ->0*2 +NO (1) 
where the star in superscript denotes singlet states. It is assumed 
that a subsequent depopulation to 02(a

lA^) occurs. Then the 
relative yield of 02(a'Ag) exceeds 20 %. The electronically 
excited state aTl. of NO molecule has the energy of 4.71 eV and 
it is metastable, the lifetime is 160 ms3. 

RF hollow electrode 
(nozzle) 

Fig. 1 RF plasma jet generator of 02(a
1^) (DSOG-3) 

The plasma jet was produced in the Al cylindrical 
nozzle, having the inner diameter of 3 mm and the length of 8 
mm. The best performance of DSOG-3 was achieved when the 
plasma jet was chilled reactively by the gas mixture 
Ar:NO2=200:10 seem, which was injected into the plasma jet 5 

mm downstream the nozzle exit. Six quartz injectors were used symmetrically at the mutual angle 60°, lying in a plane 
perpendicular to the axis of the plasma jet. The exit of injectors was 5 mm off the plasma jet axis. The N02 injection was the 
necessary step to achieve a higher-pressure operation of DSOG-3. This scheme is based on the well-known homogeneous 
catalytic recombination of atomic oxygen and ozone destruction by NO. Both O and 03 are strong quenchers of 02(a Ag). 
N02 reactions are a part of this scheme. The basic processes of NO-catalyzed recombination of O atoms4A6'7 are: 

0 + NO-»N02+/lv (2) 

(3) O+NO+M •N02+M 

O+NO, ->NO + 0, (4) 
The equation (2) represents the well-known process used as a standard for chemiluminescent reactions with the rate constant 
6.4xl0"17 cm3-molecule"1^"1 \ The equation (3) is the nonluminescent analogy of the previous one using a third body M. The 
reaction (4) is very much faster than reactions (2) and (3). It implies a possibility to boost the initial rate of O and 03 
removal by starting the reaction scheme with the process (4) (i.e. injecting N02 into DSOG-3 instead of NO downstream the 
plasma channel). The plasma channel produces oxygen atoms nonuniformly, mainly near the nozzle wall. This is caused by 
"U" profile of electric field transverse distribution inside the nozzle. Most of oxygen atoms are thus contained in the outer 
layer of the plasma jet. The basic processes of 03 destruction by NO are following8: 

(5) NO+O3->NO;+O2 

NO + 03->N02+02 

NO;-»NO2+/IV 

M + NO:-»NO, +M 

(6) 

(7) 

(8) 
where the star denotes electronically excited state and M is another body. The rate constants of the primary processes are 
k(5)=(7.6±1.5)xl0nexp(-4180±300/RT) and k(6)=(4.3±1.0)xl011exp(-2330±150/RT) cm'-mole'V. When O and 03 
occurrence is reduced, the pressure can be increased substantially. During preliminary experiments without a laser, the 
sin] 
2.2 

glet delta oxygen yield of 32 % was achieved at the elevated output pressure of 0.43 Torr. The efficiency of DSOG-3 was 
_.J %. This efficiency is defined as a ratio of the power in OJa1 Ag) and the RF power. The dependence of 02(0^ yield on 
the RF power and pressure are in Fig. 3 and 4. Both the dependencies were measured 50 cm downstream the nozzle. 

The diagnostics of O^a'Ag) was based on the fundamental emission band at 1268 nm. The emission from the 
diagnostic chamber (Pyrex pipe connecting DSOG-3 and DOIL) was coupled into the step index optical fiber with a core 
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diameter of 0.8 mm. The fibers were 2 m long and guided the radiation to the optical spectrum analyzer. Usually, only a 
narrow part of the infrared spectra, surrounding the fundamental emission band was monitored - the range 1.22-1.32 urn. 
Some optical noise was detected as a consequence of the reactions (2) and (7). This noise originated from the airglow 
chemiluminescent reaction of NO with O and 03. A personal computer integrated only the true fundamental emission band. 
These data together with pressure and temperature data measured in the diagnostic chamber were used to determine the 
yield of 02(a

lAg). 

3. LASER TESTS OF DSOG-3 

The effluent of DSOG-3 was mixed with molecular iodine in the far afterglow region 60-100 cm downstream the 
nozzle. Both axial and transverse subsonic flow DOIL types were examined (see Fig. 4), using the plan-concave stable 
resonator, which was formed by two dielectric mirrors. The output flat mirror had the transmission T=0.5 % and the rear 
concave mirror had the reflectivity R>99.9 %. The radius of curvature was 2 m. 

The laser resonator length was 100 cm in case of axial flow DOIL. The axial flow DOIL had the active medium 
length of 50 cm and its diameter was 17 mm. The laser tube was made of Pyrex glass. Iodine vapor was injected near the 
rear mirror by a hollow Al ring with 3 holes symmetrically. The diameter of holes was 0.5 mm. The flow rate of iodine was 
0.3-0.6 mmol/min. Ar was used as the iodine carrier gas and the mirror purging gas. The flow rate of Ar was 28 seem for 
mirror purging and 14-28 seem for iodine injection. Such usage of Ar and some pressure losses in the axial laser tube 
elevated the pressure to 0.9 Torr and the yield of 02(0'^ decreased to around 20 %. Consequently the gas mixtures 
composition was modified. The discharge mixture O2:NO=200:100 and the chilling mixture Ar:NO2=100:100 were used. N2 

was deleted because its positive effect disappeared at higher pressure, probably due to 02(a
iAe) quenching by atomic 

oxygen. The yield of 02(a
lAt) was only 25 % because the total concentration of 02 molecules increased by the factor of 

1.32, which was measured by a mass analyzer. The increase of 02 pressure was caused by NO and N02 decomposition and 
subsequent formation of 02 and N2 molecules. The laser output power was around 1 nW and the wavelength was 1315 nm. 

The laser resonator length was 67 cm in case of transverse flow DOIL. The transverse flow DOIL had the active 
medium length of 15 cm and its height was 1.1 cm. The laser body was made of acryl. Iodine was injected by 30 holes, 
which were equidistantly distributed in a row on a stainless steel pipe. This pipe had the outer diameter of 6.2 mm and it 
served as the injector. The diameter of holes was 0.5 mm. The flow rates were the same as in the axial flow case. The 
pressure inside the laser was 0.65 Torr. The laser output power was about 3 nW. 

The laser output power was estimated from spectral measurements. Atomic iodine emission at 1315 nm was 
coupled into the optical fiber at the laser output mirror. The fiber guided the radiation to the optical spectrum analyzer. Both 
the lasers were tested in the same way. Typical examples of spectra are shown in Table 1. In case of misaligned resonators 
the spectral line corresponds to a spontaneous emission on the optical axis. A primary alignment of the laser resonator was 
done with He-Ne laser and the final adjustment was done maximizing the spectral line height. The spectral lines obtained 
with aligned resonators are significantly higher than that with misaligned resonators. The intensity ratio of aligned and 
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misaligned resonators was 2.3 in case of the axial flow DOIL and 6.1 in case of the transverse flow DOIL. The comparison 
of axial and transverse flow lasers shows that the laser effect was more significant in case of the transverse DOIL. Under 
these conditions the CW DOIL has been demonstrated experimentally. The overall performance of DOIL is still far from 
optimum, namely due to DSOG-3 parameters. The generator of 02(a

lA^ requires significant improvements, however, it is 
already sufficient for weak laser osculations near the laser threshold. Comparing to COIL, DOIL exhibits the ability of long 
term and very stable performance. 

4. CONCLUSION 

The experimental demonstration of CW laser action in the subsonic discharge oxygen-iodine laser confirms the 
feasibility of02(a

1A^ plasma generation as the alternative way to the chemical generation. 
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ABSTRACT 

CW laser action has been demonstrated on the electronic I* (2Pi/2) -> I (2P3/2> transition of atomic iodine at 1.315 (im from 
the NCI (a1 A) + I (2P 3/2) energy transfer reaction. The stimulated emission was generated in a transverse subsonic flow 
device when hydrogen azide, HN3, was injected into a flow of iodine and chlorine atoms. The measured laser output 
power was 180 mW. 

Keywords: chemical laser, iodine laser, energy transfer laser, NCI (a'A) metastables, azides 

1. INTRODUCTION 

In view of their generally efficient conversion of chemical potential into laser radiation, chemical lasers have been sought 
out for numerous applications in which lightweight, self-contained lasers are utilized. It was not until 1978 that McDermott 
and co-workers demonstrated the first chemically pumped electronic transition laser. '-2 Continuous wave (cw) laser 
oscillation was achieved on the I* (2Pifl) - I ^20) transition of atomic iodine via the energy transfer reaction between the 
oxygen metastable, 02 (a'A), and a ground state iodine atom, I (2P3/2). This chemistry forms the basis of the high-powered 
Chemical Oxygen Iodine Laser, or COIL, which operates in the near-infrared at 1.315 urn with cw power up to 40 kW. 
Recently, this laboratory reported for the first time a direct and quantitative measurement of the population inversion 
between the I (2P3/2) and I*(2Pi/2) states of atomic iodine produced by energy transfer from NCI (a'A).3 This effort 
represented a significant milestone in the development of a chemically pumped, all gas phase iodine laser. In continuing 
our investigation into the NCI (a'A) / I*(2Pl/2) energy transfer system, we report for the first time an example of continuous 
wave I* (2Py2) -1 (2P3/2) laser oscillation resulting from entirely gas phase chemical generation. 

2. EXPERIMENTAL 
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The demonstration of I* (2P1/2) - I (
2P3fl) laser action was performed in a transverse subsonic flow reactor shown in Figure 

1. The essential features of this apparatus are a DC discharge for F atom production, an axial injector for DC1 injection, 
and two side-wall transverse injectors for HI and HN3 admission into the flow stream. In addition, the apparatus is 
equipped with sensitive optical diagnostics for measuring optical gain between the I (2P3/2) - 1* (2Pia) states and 
chemiluminescent I* (2Pi/2) emissions. Experimental details of the gain measurement and methodology have been 
described elsewhere 4_6 and only a brief discussion is presented here. 

To pump 
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HN, injector 
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DC1 injector 

(2) 

5 cm 

FLOW 

Mirror tube 
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j       Micrometer 

M2 

Transverse 
HI injector 
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DC Discharge 
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Figure 1. Schematic representation of the subsonic flow device and optical resonator showing (1) D.C. discharge, (2) axial injector 
(DC1), (3) first set of transverse wall injectors (HI), (4) second set of transverse wall injectors (HN3). The optical cavity, consisting of 
mirrors Ml (outcoupler) and M2, is joined to the flow tube by two tubes containing mirror mounts, bellows and micrometers for 
alignment Each tube is purged with He and the out-coupled laser power measured with a power meter, PM. 

The laser cavity consisted of 5 cm wide x 2 cm high stainless steel duct (cross sectional area =10 cm2) whose inner 
surfaces were lined with Teflon ramps and flow shrouds to minimize wall deactivation and help confine the active gain 
zone to a nominal 5 cm in length. The resonator mirrors, Ml and M2 in Figure 1, were 2.54 cm in diameter and were 
mounted on two 2.54-cm (o.d.) vacuum tubes with mirror bellows and micrometers for alignment The mirrors were 
separated by 1.15 m and purged with He during laser operation. The reactor wall height (2 cm) and the inside diameter of 
the mirror mount (2 cm) adjoining the mirrors to the vacuum tubes defined the minimum aperture of the cavity. Laser 
power measurements were conducted under a variety of optical resonator conditions. However, owing to the potentially 
small zero power of the system, the initial resonator was fitted with two symmetric 5 m concave ultra-high finesse cavity 
mirrors (Research Electro Optics Corp) that were primarily used to cxmfirm the presence of stimulated emission. These 
high finesse mirrors were characterized by Cavity Ringdown Spectroscopy (Los Gatos Research, Los Gatos, CA) and 
revealed a high reflectivity of 99.998% at 1.32 um; however, measurement of transmission and substrate absorption / 
scattering losses were not performed. Subsequent to the initial laser demonstration, additional power extraction 
experiments were conducted using various output couplers listed at a nominal 99.8% and 99.9% reflectivity (CVI, Inc.) and 
the high finesse back reflector of 99.998% reflectivity. The laser power output was measured with an Ophir power meter 
(Model PD 300-IRNova) for tests in the 0-30 mW range and a Coherent meter (Model 210) for powers above 30 mW. 

Fluorine atoms are generated using a 10 kW DC discharge (1.75 kW actual power load when running) of F2 or NF3 in 
helium. Flow reactor pressures were measured with calibrated absolute capacitance manometers. Reagents introduced into 
the flow stream were measured with either calibrated mass flow controllers or sonic orifices. Hydrogen azide was 
synthesized by the reaction of molten stearic acid (CH3(CH2)i6COOH) with sodium azide (NaN3,) under vacuum at 110 °C. 
A 10:1 molar excess of stearic acid over sodium azide was used. The gaseous HN3 was stored as a 10% mixture in helium. 
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Helium diluent (Matheson, 99.995%), NF3 (Spectra Gas, 99%), DC1 (Cambridge Isotopes, 99 %), HI (Matheson, 99%) was 
used without further purification. 

3. RESULTS AND DISCUSSION 

The chemical generation of l*(2Pm) and subsequent lasing is based on a sequential process in which CI and I atoms are 
produced, 

F  +  DC1 -> DF  +  Cl, k30oK= 1 x 10"" cm3/s(7) (1) 
Cl  +  HI -> HC1   +  I(2P3/2),  k300K=1.0xlO-10cm3/s, (8) (2) 

followed by NCI (a1 A) production, 

Cl + HN3 -» HCl(v)+ N3, k3oo K = 1 x 10"12 cm3/s(9) (3) 
Cl + N3 -> NCl(a'A, b'E, X3£) + N2(X'l), k300K = 2x10-" cm3/s    (,0'n> (4) 

and finally the energy transfer reaction between NCI (a'A) and I (2P3/2) to generate I*(2Piy2):
(1012) 

NCI (a'A) + I (2P3/2) -» NCI (X3£) + I*(2P1/2), k 300 K = 2 x 10"" cm3/s (5) 
I*(2Pi/2) + hv -> I (2P3/2) + nhv (1.315 um) (6) 

The magnitude of these room temperature rate coefficients indicate a rapid mechanism for the generation of NCI (a'A) and 
I*(2P1/2). Furthermore, since both the branching fractions for NCI (a'A) and I*(2Pi/2) in reactions (4) and (5) are reported to 
exceed 50%, the mechanism described here depicts an efficient gas phase chemical process for the production of NCI (a'A) 
andI*(2P1/2).

10-'2 

The observation of small signal gain on the I (2P3/2) -1* (2Pi/2) transition was measured with a continuously tunable, single- 
mode 1.315 um diode laser with a spectral line width of less than 500 kHz (FWHM) over 30 GHz from 7602.4 to 7603.5 
cm"1. This performance allows the laser to scan across the entire I (2

P3Q) - I* (2Pi/2) transition with complete hyperfine 
resolution. In these studies, the F(3,4) transition was used to monitor the I (2P3/2) -> I* (2Pi/2) gain. Under the flow 
condidtions provided in Table 1, the I (2P3/2) -1* (2Py2) absorption curve was inverted to the positive direction when HN3 

is added to a flow of chlorine and iodine atoms. The magnitude of the peak gain was measured to be 0.025%/cm. Due to 
the small signal gain of the system, the initial resonator was fitted with two symmetric 5 m concave ultra-high finesse 
cavity mirrors ( 0.99998 reflectivity at 1.32 um) to overcome cavity losses and confirm the presence of stimulated 
emission. The relevant flow and resonator conditions for establishing lasing are tabulated as Trial 1 in Table 1. Evidence 
of laser action was demonstrated by measuring the output power on a calibrated power meter. Thus, upon adding HN3 to a 
steady stream of Cl and I atoms, 3mW of power was measured per mirror port for a total of 6 mW. In addition, the mode 
pattern of the laser was easily observed on a near- IR phospor card (1.3 urn) at a distance of two meters from the output 
coupler (Ml). In contrast, upon misaligning the cavity or turning off any of the fuels, the laser power signal was 
immediately extinguished and returned to baseline. The laser run time is typically 20 - 30 seconds, however, this period of 
operation simply was performed only to conserve the HN3 fuel. Longer run times of up to several minutes are possible and 
are only limited by the storage volume and pressure of our HN3 reservoir (300 L). Attempts at extracting more power 
from the cavity was performed by replacing the output coupler (Ml) with more transmissive mirrors. In this vein, two 
vendor quoted mirrors with nominal reflectance values of 0.998 R (2 m cc) and 0.999 R (2 m cc) were tested for output 
power. No attempt at specifying the mirror scattering or absorption was performed. For purposes of identification, the 
0.998 R and 0.999 R mirrors were labeled OC I and OC II, respectively. Trial 2 in Table 1 shows the effect of substituting 
the high finesse outcoupler with OC I, R = 0.998. For near identical flow conditions, the output power more than triples. 
Indeed, using OCI under the enhaced NF3, HN3 and HI flow conditions shown in Trial 3 the power increases considerably 
to 110mW. The highest powers were obtained in Trial 4 with OC II, R = 0.999, as an extracted power of 180 mW was 
observed. 

Table 1. Flow reactor conditions for achieving laser action on the I*(2Pi/2) -1 (^3/2) transition. 

38 ProcSPIE Vol. 4184 



Flow Reactor Conditions Resonator Conditions 

Trial He NF3 DC1 HN3 HI P Zone HR OC Power 

(mmol/s) (mmol/s) (mmol/s) (mmol/s) (mmol/s) (torr) (cm) (mW) 

1 128.80 1.08 2.11 3.16 0.04 15.73 15 0.99998 0.99998 6 

2 127.86 1.02 2.20 3.03 0.04 15.61 15 0.99998 0.998 (I) 19 

3 149.78 1.53 2.22 4.36 0.07 14.67 15 0.99998 0.998 (I) 110 

4 141.73 1.51 2.40 4.59 0.07 14.95 15 0.99998 0.999 (II) 180 
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ElectriCOIL: An Advanced Chemical Iodine Laser Concept 
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ABSTRACT 
Advanced chemical iodine laser technology will logically include novel all gas phase generation techniques for an 

iodine energy donor and the injection of atomic rather than molecular iodine. Candidate methods are discussed for the 
creation of an all gas phase energy donor as well as for injecting atomic iodine. This research will lead directly to designs that 
will be fabricated and tested extensively with detailed diagnostics to evaluate the chosen design's performance attributes. 
Preliminary analysis and modeling of the ElectriCOIL system concept is presented. ElectriCOIL will reduce weight and 
simplify both military and commercial chemical iodine laser systems. Potential cost and weight savings are also envisioned 
as the massive quantities of liquid chemicals will be completely eliminated from the device operation. 

Keywords: ElectriCOIL, COIL, chemical oxygen iodine laser, iodine laser, electrical singlet oxygen generation, iodine 
dissociation. 

1. INTRODUCTION 
Several dramatic changes to gain generator technologies are needed to allow chemical oxygen-iodine laser (COIL) 

systems to achieve their full potential as efficient producers of 1.3 u.m laser beams. These include: 1) Highly improved 
nozzle mixing efficiencies; 2) Carefully designed media and beam quality properties; 3) Higher pressure recovery potential; 
and 4) Radically new the 02('A) generator subsystems. This paper addresses the fourth issue, innovative improvements in 
generation of excited states of both oxygen and iodine. The development of gas phase 02('A) generator subsystems will also 
have a direct impact on technological improvements needed in under items 1 and 3. 

The Chemical Oxygen-Iodine Laser (COIL) was developed first by the United States Air Force in 1978 
[McDermott, 1978]. Since that initial demonstration COIL technology has undergone numerous improvements [Truesdell, 
1992] and chemical efficiencies as high as 27-30% using helium diluent have been demonstrated [Rittenhouse, 1999; Yang, 
1997]. Much of the COIL technology development to date has focused on the singlet-oxygen generator (SOG) and the liquid 
SOG technology has developed to a fairly mature state; major improvements to the aqueous system are less likely to occur, 
especially in terms of efficiency as expressed by power to weight ratios. The basic COIL design has changed little over the 
past decade. However, an all gas phase system offers a new exciting pathway. One approach is to exploit the recent findings 
at the Air Force Research Laboratory (AFRL) with the NCI ('A) all gas phase chemical system [Henshaw, 2000]; a second is 
to provide the necessary atomic Iodine and 02('A) purely by electrical means. 

AFRL has recently demonstrated that significant quantities of excited iodine atoms can be produced using an all gas 
phase generator [Henshaw, 2000]. The excited species which transfers to Iodine atoms, in this case, NCl('A), can be 
produced without a liquid phase generator. This is the first major breakthrough in energy donor generator technology in ten 
years. This Air Force research provides a roadmap for future work in the field. The Air Force Research Laboratory at 
Albuquerque demonstrated lasing with this concept [Henshaw, 2000]. As their research proceeds, a number of opportunities 
subsequently open up. The potential which intrigues CU Aerospace and the University of Illinois is presented in this paper. 
We believe that it is possible to construct a highly efficient electric generation scheme to provide the precursor energy donor 
species, 02('A). A new kind of cw COIL laser which is an Electrically assisted Chemical Oxygen Iodine Laser, 
(ElectriCOIL) would subsequently be achievable, see Figure 1. Workers in Japan [Itami, 1999; Fujii, 2000] and Russia 
[Ivanov, 1999] have shown that flowing discharge tubes containing ground state oxygen can produce significant quantities of 
the desired, 02('A) precursor molecules. This paper suggests how one can transform such research into a practical all gas 
phase system. Atomic iodine injection is also an integral part of the proposed program. Figure 1 illustrates the limitations of 
existing COIL technology as well as the possible improvement from the implementation of ElectriCOIL technology. Such an 
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electronically produced 02('A) generator could be even more effective if implemented simultaneously with an atomic iodine 
augmentation technique. 

Chemical Efficiency vs. Plenum Yield 
Classic COIL vs. ElectriCOIL 
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Fig. 1. Using a heuristic equation, a comparison between classic COIL technology and the performance possibilities for an 
ElectriCOIL device are illustrated. While ElectriCOIL may not be able to match the plenum yield of today's COIL system, 
significantly smaller yields are capable of matching current chemical efficiencies. 

We believe the ElectriCOIL concept will be a major breakthrough in high power laser technology. The impact of 
this technology is summarized below: 
• Dramatically reduce the overall energy donor and gain generator tankage requirements by eliminating the aqueous 

chemicals needed for generation of02('A) in today's COIL systems. 
• Eliminate the need to constantly re-supply an advanced version of a military or commercial COIL system with exotic 

aqueous fluids which are inherently difficult to handle. Advanced laser support hardware will largely consist of 
power conditioning equipment and a small tank of liquid oxygen. 

• Take advantage of research in aircraft power generation systems to provide the necessary power to supply an airborne 
ElectriCOIL laser system. 

2. BACKGROUND 
Low pressure discharges in electronegative gases are the basis for plasma processing in micro electronics. The plasma of 

the dc low pressure discharge in a long cylindrical tube with the electric field directed along the axis is convenient for 
experimental study. A high degree of both non-equilibrium and non-uniformity with the radius along the axis is an important 
feature of these discharges. In pure oxygen the major active particles are atomic oxygen and the oxygen metastable 02('A). 
Modeling of the electric discharge phenomena has shown that oxygen atoms and 02(

1A) account for the volume processes 
within the discharge [Ivanov, 1999]. It has also been found experimentally that excitation of molecular oxygen in a glow 
discharge at around 1 torr provides significant quantities of 02('A) [Ivanov, 1999]. Concentrations of 02('A) on the order of 
2xl015molecules/cc were observed [Ivanov, 1999] employing emission spectroscopy of the 1268 nm band for the transition 
O/A.v^^O/Z.v^). 

Fujii [Fujii, 1994] reported good success, 17% yield of 02('A), with a small RF generator. More recently, workers in 
Japan provided evidence that they could produce 21% 02('A) in a microwave discharge [Itami,1999] and 32% using an RF 
discharge [Fujii, 2000]. They studied the yield sensitivity of 02(

1A) in the presence of various compositions of 02, N2, NO, 
and N02 and showed added gases gave improved results. The experiments were carried out in subsonic axial flow at 2 torr in 
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a 30 cm long tube with window attachments for observation. Their paper leads one to believe that they are expecting to 
conduct lasing experiments in the near future employing an upgraded system with a more efficient discharge. 

3. PRELIMINARY ANALYSIS 
To investigate important technology issues related to the COIL lasers, it is useful to employ the COIL heuristic 

equation developed by Hon et al. [Hon, 1996], which is given by, 
Vchem — UCa (Yplen ~ Ydiss ~ 'th ~ 1dead) Vmix 'Hgeom 'Hexl 'Hn (1) 

where T]chem is the chemical efficiency, Ucl2 is the utilization of chlorine in the singlet oxygen generator (SOG), Yplen is the 
yield in the plenum region just upstream of iodine injection, Ydiss is the loss of singlet delta oxygen due to dissociation of the 
iodine molecules, Y,h is the threshold yield representing the minimum 02('A) fraction necessary for positive gain, Ydtac, is the 
loss of yield due to deactivation reactions, rjmix is the mixing efficiency defined as the ratio of the accessed 02('A) to the total 
02('A) in the flow, T]gtBm represents the fraction of the flow interrogated by the resonator, r/„, is the optical extraction 
efficiency, and r\res is the flow residence time efficiency. The yield is defined as the ratio of excited 02('A) to total oxygen in 
the flow. 

Table 1 and Figure 1 present a preliminary examination of the implementation of an ElectriCOIL concept using the 
heuristic equation [Hon, 1996]. The classic COIL case compared with is the baseline RADICL condition with helium 
diluent, 0.50 moles/s of Cl2, 4:1 diluent ratio, and a titration ratio of 1.7%; there is a substantial amount of reported data for 
this condition [Helms, 1994; Täte, 1995]. For ElectriCOIL preliminary estimates it is assumed that the 7]mix, 7]gtom, r\ext and 
T]res terms remain the same as with classic COIL [Truesdell, 1996], that the Ydeac, term is zero, and Ylh has a 150K cavity 
temperature (Ylh =0.044); with these assumptions, Eq. (1) reduces to: 

t]chem = 0.6962 (Yplen - Ydiss - 0.044) (2) 

Table 1. Estimated effects of different conditions on RADICL performance. 
Early Early Mid-stage Advanced 

Classic ElectriCOIL ElectriCOIL ElectriCOIL ElectriCOIL 
COIL w/I2 w/1 atom w/1 atom w/1 atom 

Injection Injection Injection Injection 

y„„=o.60 ^„=0.20 i;to=o-2o Y+. =0-30 ^„=0.40 

1^=0.10 1^=0.10 ^,=0.0 r*,=o.o y*.=o-o 
Conditions H20 NoH20 NoH20 NoH20 NoH20 

Tcav=170K T^ISOK Tcav=150K Tcav=150K Tcav=150K 

Heuristic 
Equation 24.1% 3.9% 10.9% 17.8% 24.8% 

Table 1 shows that the heuristic equation predicts a nominal chemical efficiency of 24.1% for the given classic COIL 
RADICL case. Switching to an early stage ElectriCOIL in which it is assumed that a 20% yield can be obtained (as 
demonstrated by Japanese researchers [Itami, 1999]), all of the water is removed from the flow, the expected performance is 
a mere 3.9% chemical efficiency. 

Discussed above was the possibility of injecting atomic, rather than molecular, iodine. For this situation Ydiss =0. 
The heuristic equation indicates that this alone results in a significant performance improvement when the dissociation term 
is zero, Eq. (2), Table 1. Because of the large potential performance enhancement, we feel the investigation of iodine pre- 
dissociation schemes is an important issue. Conceptually, the ideal ElectriCOIL design appears to be one that injects atomic 
iodine into a waterless primary flow with singlet delta oxygen generated electrically, provides complete mixing by the end of 
the optical extraction region, and gives a low cavity temperature of around 150 K. The heuristic equation indicates that such 
an advanced ElectriCOIL concept could realistically provide chemical efficiencies of around 25%, comparable to today's 
classic COIL, Table 1, and potentially provide even higher chemical efficiencies if the plenum yield can be increased above 
roughly 40%, Fig. 1. Even an ElectriCOIL that provides 24% chemical efficiency is an enormous improvement to the classic 
COIL design because it will lead to a significant reduction of weight per kW of the Airborne Laser (ABL) and simpler 
operation procedures. 

Preliminary calculations using the Blaze II chemical laser model [Sentman, 1977; Carroll, 1995; Carroll, 1996] 
support the qualitative conclusions drawn from the heuristic equation. Fig. 2 illustrates Blaze II results that are comparable 
to those shown in Fig. 1, which was based upon the heuristic equation.   The advantage of the ElectriCOIL concept is 
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immediately realized when examining the gain curve with and without molecular iodine pre-dissociation, Fig. 3. The gain 
curve, with a 20% yield and no pre-dissociation, is very low and would not make a useful laser. However, when the 
molecular iodine is completely pre-dissociated, then the gain curve, even with a 20% yield, compares very favorably with the 
classic COIL type gain curve having a 67% yield. Note that the classic COIL curve is for a VertiCOIL case that was 
baselined to power data, not gain data; historically, when Blaze is baselined to power data the gain curve underpredicts gain 
data. 

Chemical Efficiency vs. Plenum Yield 
Classic COIL vs. ElectriCOIL (Blaze II Predictions) 

Average Gain vs Distance from Iodine Injection 
Classic COIL vs. ElectriCOIL (Blaze II Predictions) 
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Figure 2. Blaze predictions comparing classic COIL technology 
and the performance possibilities for an ElectriCOIL device are 
illustrated. While ElectriCOIL may not be able to match the 
plenum yield of today's COIL system, significantly smaller 
yields are capable of matching current chemical efficiencies. 
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Fig. 3. Blaze predictions of the average gain as a function of 
distance from the iodine injection position for classic COIL with 
a yield of 0.67, ElectriCOIL with and without molecular iodine 
pre-dissociation. Helium diluent was used for these 
calculations. 

Figures 2 and 3 illustrate the innovative concept of combining both electrically produced singlet delta oxygen and 
pre-dissociated iodine. Each of these concepts have been demonstrated individually, but not in combination; when both ideas 
are implemented together it is possible to obtain significant gain and laser power with a mere 20% yield; this yield has 
already been generated in experiments conducted by Itami [Itami, 1999]. More recently, Fujii [Fujii,2000] obtained 32% 
yield using an RF discharge; this result is particularly encouraging. Experimental work in the area of iodine pre-dissociation 
has been conducted by Endo and Fujioka's group in Japan [Endo, 1999]. They reported nearly total dissociation from 
interaction of an Iodine/N2 stream within the microwave cavity. Experiments with subsonic injection, sonic injection and 
supersonic injection of the atomic iodine stream were conducted. Due to experimental difficulties, only the transonic 
injection mixing nozzle showed the expected increase in laser efficiency. In this case, about a 10% increase in laser 
efficiency was noted by Endo. This is probably a lower bound on the efficiency increase since it was difficult to insure that 
recombination in the injectors was negligible. Iodine pre-dissociation has also been investigated using three-dimensional 
CFD computations by Madden et al. [Madden, 1998]; Madden's results indicated that the injection of atomic iodine slightly 
downstream of the throat would enhance the power output. Thus it should be possible to demonstrate a 10-15% chemical 
efficiency with today's electrical generation technology. Improved methods of generating higher yields should lead to even 
higher chemical efficiencies. 

4. CONCLUDING REMARKS 
We believe that the key performance enhancements to COIL technology are the combination of electrically 

generated 02(lA) and the injection of pre-dissociated iodine with an appropriately redesigned nozzle [Carroll, 2000] that uses 
the atomic iodine efficiently in the laser region. The principle candidate being considered for creating excited oxygen in the 
primary flow is an RF discharge. For the ElectriCOIL concept we are focused on either RF discharge [Vagin, 1995], 
microwave discharge [Sugimoto, 1999] or photolytic pumping for creating atomic iodine to inject into the primary flow. 
Based upon experimental results of Fujii [Fujii, 2000] that obtained a 32% yield of 02('A), analysis predicts that the 
ElectriCOIL concept should be able to obtain a chemical efficiency of at least 18%; assuming further enhancements the RF 
generator would enable a yield of 40%, analysis predicts that a chemical efficiency of around 25% should be achievable. 
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Comparative studies on 
small signal gain and output power for COIL systems 

Jürgen Handke, Karin M. Grünewald, Frank Duschek 
DLR - Institute of Technical Physics* 

ABSTRACT 

In the 10-kW chemical oxygen-iodine laser (COIL) of DLR, the small signal gain and the laser output power were 
measured for identical gas flow conditions. The comparison of both results is used to elaborate the expressiveness of small 
signal gain for COIL laser design. 

For these investigations the temporal and spatial dependencies of small signal gain and laser power are measured along 
the flow axis of the cavity. The measurement of small signal gain is performed by a commercial diagnostic system of PSI 
with a software package upgraded by the Air Force Research Lab of Kirtland, U.S.A.1Ä3'4 The laser power is extracted in a 
stable resonator configuration. In case of spatially resolved investigations, slit apertures of 6 mm width in flow direction are 
integrated in the cavity. 

KEYWORDS: Supersonic COIL, small signal gain, spatial power extraction, slit resonator 

1. INTRODUCTION 

In general, small signal gain (ssg) data describe the laser-relevant properties of the active medium Therefore, for many 
types of lasers this information is used to figure out the optimum flow conditions for the active medium and to locate the 
position of the resonator axis for maximum power extraction. Applying this procedure to a COIL device may result in mis- 
leading conclusions. 

The chemical oxygen iodine laser is not homogeneously excited within the cavity: All energy that may be converted to 
optical energy is produced in the oxygen generator and carried along by C^1 A) molecules. The lasing species, that is atomic 
iodine, is admixed to the oxygen flow in general as molecular iodine and must be dissociated first The atomic iodine is 
pumped from the ground state l(2Pm) (referred to as I) into the upper laser level I(2P1/2) (referred to as I*) by energy transfer 
from Q2(1 A) molecules according to 

(1) [O^A)] + P(2P3/2)] <   keq   > [02(3£)] + UfPia)] 

where 02(3S) denotes the oxygen ground state and k«, is the equUibrium constant given by k«j = 0.75 exp(401/T). The ssg go 
is given by the equation 

(2) g0(v) = ^^f(v) -{[I(2P1/2)]- il(
2P3/2B 

12     Ö7t I 

with the Einstein coefficient A, the temperature dependent line shape function f(v), and the wavelength X = 1.315 urn The 
ssg mainly depends on the inversion density. Taking into account eq. (1) and denoting the sum of [I*] and |Tj by [LJ, the 
density of total atomic iodine, eq. (2) can be rearranged to 

Ycav3 denotes the yield (ratio of excited to total oxygen) at the cavity entrance. For typical COIL operating conditions 
fct(Ycav3) comes up to a slowly varying value at the order of 1. Within this regime [LJ is of predominant importance for the 
magnitude of ssg. 
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In terms of a simplified analytic expression the output power of a COIL is given by a heuristic equation 

(4) 
kJ 

"oUT="* i'nCl2' *-"' L*plai— *th _ Xiiss- Xiract J'Tlmix'Tlgeo'Tlo<t 

hcl denotes the chlorine flow rate to the generator and U the utilization, that is the fraction of reacted to total chlorine. The 

equation takes into account the available energy produced in the oxygen generator and stored in the flow of singlet delta 
oxygen (Yp]e„), various loss terms due to threshold (Y±), iodine dissociation (Y^), and deactivation processes (Yd««*), and 
additionally efficiencies due to gas flow mixing (r^) and resonator coupling Cngeom, t]^). As far as the interest is focussed 
on the laser power emitted from the respective COIL device with fixed energy input, the predominant parameter for power 
output is the difference between the oxygen yield at the cavity entrance and threshold condition, expressed by the simplified 
relationship 

(5) "our *- L *C»v,E       *thJ 

For typical gas flow conditions in a COIL, the concentration of the lasing species I* is very low compared to the concentra- 
tion of excited oxygen. Therefore, the COIL output power by far exceeds the energy stored in the upper laser level. This is 
managed by the fact that after deexcitation of I by the radiation field the atomic iodine may be repumped again until the 
amount of Ch(l A) falls below the threshold yield Thus, each iodine atom may contribute for many times to the total output 
power by emitting stimulated radiation and being repumped again 6. 

In summary, within a simplified comparison ssg is mainly dependent on the density of total atomic iodine while output 
power is dominated by the available excited oxygen. 

2. EXPERIMENTAL 

stt aperture (6 mm) 

In order to demonstrate the different dependencies of ssg and power on flow conditions and outcoupling position ex- 
periments were performed on the 10 kW COIL device at the DLR Lampoldshausen test site 6'7 . At base line conditions a 
primary flow of 500 mmol/s of chlorine is established at a He dilution ratio of 3. The iodine is admixed in the subsonic part 
of a 2-dimensional nozzle array. For the comparative studies the secondary flow is varied from 3 to 13 mmol/s of iodine at 
He dilution ratios between 40 to 100. Detailed parametric studies on the device revealed a flow ratio of iodine to oxygen of 
1.75% at a He diluent ratio of 70 for maximum power extraction8. These conditions are referred to as "optimum conditions" 
within this paper. The flow within the cavity is supersonic at about M=1.7. The gain length amounts to 200 mm. The cou- 

pling geometry is depicted in Fig 1. The resonator consists of 2 
circular mirrors of 2" in diameter. For maximum power output the 
reflectivities are near 100% for the total reflector and 92% for the 
coupling mirror. The resonator axis is located 17 mm downstream of 
the nozzle exit plane (NEP). For the comparative studies the same 
set-up is applied Additionally a slit aperture of 6 mm width is 
integrated directly on the inside of the coupling mirror. The resona- 
tor axis is located at different z-positions. For each position an 
adjusted slit aperture is used. The coaxial alignment of slit and 
resonator axis is controlled by imaging the output power distribution 
in black lucite while the power itself is monitored by fast detectors 
coupled to an Ulbricht sphere. 

Ssg and power measurements were performed for identical 
flow conditions and at the same local positions. The experimental 
set-up for ssg measurements and the results of the 2-dimensional 
ssg and temperature mapping are presented in a separate paper at 
this conference 9 while only special topics concerning the compari- 

ng. 1: Investigated outcoupling configuration.       son of ssg and output power are reported within this paper. 

flow axis z , 

standard position of optical axis x 
measuring position 
channel walls 
copper blade 

3. COMPARISON OF OUTPUT POWER AND SMALL SIGNAL GAIN DATA 

In a first approach, the output power is studied without any additional slit aperture (i.e. full resonator width, optical axis 
at 17 mm). Fig 2 reveals ssg and power data at the position of the resonator axis for maximum power output. Primary flow 
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and iodine flow are kept constant. Only the secondary dilution ratio 
is varied The ssg comes up to about 1.2 % cm"1 at maximum. This 
value fits well with those data derived from Rigrod type measure- 
ments carried out earlier7. Comparing the fitted curves for output 
power and ssg it is obvious that both shapes are similar and both 
curves maximize at the same dilution ratio of about 70. Therefore, 
at first glance it seems straight forward to optimize a COIL for 
maximum power output by analyzing the ssg behaviour. 

The results are quite different as soon as local scans are con- 
sidered In Fig 3 measured data for ssg and laser power, coupled 
out by the slit aperture, are plotted versus the position along the 
flow axis. Again primary and iodine flow are kept constant. Only 
the amount of secondary He is varied For optimum and low 
amount of secondary helium the ssg is nearly constant or slightly 
decreasing throughout the whole cavity. From ssg and intracavity 
temperature one can infer that the maximum concentration of 
atomic iodine is already obtained at the NEP and thereby the I2 

dissociation is mainly completed. 
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Fig. 2: Correlation of small signal gain and 
power output at standard resonator position at a 
variation of the secondary helium flow rate. 

The data in Fig. 3 
concerning higher 
helium admixing are of 
special interest. In this 
regime the ssg increases 
throughout  the  cavity 
up to the most down- 
stream position. This is 
explained by a continu- 
ously increasing density 
of atomic iodine. The 
dissociation     is     not 
completed   when   the 
flow enters the NEP. 
However, there is an 
important      difference 
comparing   gain   and 

power data: In spite of bad mixing conditions the ssg comes up to values as high as for best mixing conditions. On the other 
hand the output power 
is by far lower than for 
optimum      conditions. 
The elongated dissocia- 
tion path length results 
in increased losses of 
excited    oxygen    and 
additionally the thresh- 
old comes up due to 
heating     effects.     In 
consequence,   there   is 
less   available   singlet 
delta oxygen and there- 
fore less output power. 

Ssg and output 
power are not only 
dependent     on     the 

Fig. 3: Effect of helium flow rates on small signal gain and power profiles. 
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Fig. 

molar flow ratio \2fO2 [%] 

5: Correlation of small signal gain and 
power output at standard resonator position at a 
variation of iodine flow rate. 

secondary diluent ratio but also on the iodine flow itself as shown in 
Fig. 4 . The iodine flow rate is varied whereas the admixed He flow 
is always adjusted to the optimum ratio of He:I2 

8. As far as ssg is 
concerned, an increase of the iodine flow rate results in higher ssg 
values. That is as expected from theory: higher iodine flow rates 
result in higher densities of atomic iodine - and thereby in higher 
inversion densities - as long as the degree of dissociation remains 
high and/or there still is enough excited oxygen. However, concern- 
ing high iodine flow rates, an increase in ssg does not result in higher 
output power. Only the spatial shape of the power data is changed: 
The power maximum is shifted towards the NEP. 

Similar to Fig. 2, power data for full resonator width and ssg 
readings are plotted in Fig. 5. While again the primary flow is kept 
constant, the molar ratio of iodine to total oxygen is varied at opti- 
mum admixing of secondary He. The maximum ssg is measured 
between 2.5 and 3% of iodine. The peak value of power occurs at 
about 1.7% of iodine. For these conditions, only 2/3 of the maximum 
ssg is achieved. Obviously, operating conditions for maximum 
power output are significantly different from those for maximum 
ssg. 

4. CONCLUSION 

Small signal gain measurements are informative for analyzing the active medium of a COEL. The densities of I and I* 
can be derived from ssg data achieving valuable information on the dissociation process. Moreover ssg measurements are an 
excellent tool for the determination of temperature in the supersonic flow. They will also provide some first hint concerning 
operating conditions for high output power. But in detail, there are different optima of operating conditions concerning 
maximum power output and maximum amplification. This does not only concern the gas composition but also the local 
position of power extraction. Therefore, in order to achieve efficient laser operation it is essential to attach a resonator to the 
COIL device and to maximize the laser power directly. Only this way the optimum gas flow conditions as well as the opti- 
mum local outcoupling position can be determined reliably. 
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COMPUTATIONAL MODELING 
FOR SUPERSONIC OXYGEN-IODINE LASER 
WITH VARIOUS FLOW MIXING SYSTEMS 

Yu. N. Deryugin, E. A. Kudryashov, B. A. Vyskubenko, D. K. Zelenski, Yu. V. Kolobyanin 
Russian Federal Nuclear Center - VNIIEF, 607190, Sarov, Nizhni Novgorod Region, Russia 

ABSTRACT 
A mathematical model of oxygen-iodine laser is described. A numerical analysis of three alternatives of mixing 
is performed. 
Key words: mathematical model, supersonic mixing, gain factor, dissociation 

INTRODUCTION 

Among the most promising directions in developing industrial cw lasers, one is associated with the oxygen-iodine machine 
which active medium is forced through the resonator at supersonic velocity1. Constructionally, lasers of this kind consist of 
a singlet oxygen generator (SOG), transition channel to connect SOG with nozzle generating supersonic flow, and resonator 
where the conditions of quantum oscillator self-excitation become feasible. Active medium of those lasers is generated due 
to turbulent mixing between energy carrier gas containing singlet oxygen and working gas with iodine molecules. Working 
gas is injected either through nozzle walls or with the aid of a central skew-field under the conditions of sub- or supersonic 
flow. Perfection and tests of mixing device constructions to provide for the least loss in available energy is one of the most 
important mission of COIL development which will require computational modeling methods. 
For investigating non-equilibrium flow structure in mixing COIL devices and determining laser performance in the current 
work we have formulated and created a mathematical model. The model engages a set of equations for multicomponent gas 
motion, kinetics of chemical reactions, turbulent viscosity, and stationary lasing. 
A numerical procedure used to determine active medium gasdynamics and kinetics throughout the COIL duct is built in 
terms of principles of spatial decomposition, split into physical processes, and difference scheme of the second accuracy 
order. The procedure was supported by software in FORTRAN-90. For all the models of interest we have developed a 2D 
code. For computations of subsonic and supersonic mixing also was created a 3D code. 
The paper reports the results of the computation for particular mixing devices and energy performance of the laser. 

MATEHMATICAL MODEL 

A set of equations used for flow simulations in gasdynamic channel of COIL can be expressed in vectorial form as : 
dp     , „ -^- + Divp(aa) = -gradp +Diver, (1) 
-?- + divpa = 0, ä 

f     \ 
^- + divpaH = DM^-gradh) + divan , -^r + «%»c,- = div -£- gradCj + at, i = 1,2,...,N. 

dt ^Pr ) Si \us) 

where p is the density, a is the velocity vector, P is the pressure, E is the total energy, C; is the weight concentration of the i- 
th component, the term a* describes the concentration changes of the i-th component due to the chemical reactions in a gas 
mixture composed of the following components: oxygen molecule cr02(X

3 Eg) in ground electronic state, electronically 
excited oxygen molecule C2-02(a

1Ag), electronically excited oxygen molecule 03-O^b1 Eg), iodine molecule c4-J2 in ground 
state, excited iodine molecule c5-J2, electronically excited iodine atom c6-J(2P3/2), electronically excited iodine atom cT 

J(2Piy2), chlorine atom c8-Cl, chlorine molecule c9- Cl2, Cio-JCl, cn-H20, Ci2- N2 , Ci3- Ar, c14- He. 

Equations (1) are closed up with thermal and caloric equations of state: T=^-; h= I cp ^-m(T - Trf+Ahj -^m , expressions for 

components of viscous strain tensor ou, and relations for laminar and turbulent viscosity. Laminar viscosity is determined by 
Satterland formula, and turbulent viscosity - using two-parameter differential model described by Potankar and Spolding 
(see for instance ref.6) and based on differential relations for the turbulent kinetic energy k and its dissipation rate dt 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 49 
©2001 SPIE 0277-786X/01/$15.00 



dpkt 
+ div(pukt) = div{p — gradkt) + put 

dpd, v, 
  + div(pudt) = div(p —*- graddt) + c,pkt a 

■P*t 

pdf 

k> 
Effective turbulent viscosity is determined in the present model according to the expression u, = c u —, and universal 

constants have the following values: cv = 0.09; Cj = 0.l3; c2 = i.92; ck=i; r^ = i.i3. 

Computations of COIL lasing power employ the model in which the shape of the intensity distribution over the flow is 
assumed known (from experiments, for instance) while its amplitude is fitted to the condition of stationary lasing like the 
case of the constant-intensity model (see for instance 7). Threshold condition allowing for inconstancy of the kinetic 
parameters along resonator axis is written as: 

P(A)=\J(x)k 
Y2k 

S \rJL
+\hkL-\ 
* 

dS = 0, 

where S is the mirror area; k is the gain factor; J is the intensity; ru r2 are the reflection factors of the mirrors; L is the 
length of the optical axis of the resonator. The emission intensity J{x) is given in the form: J=AJ0(x), where J0(x) is a known 
function of intensity distribution with the amplitude A. 

SOLUTION PROCEDURE 

The mathematical model describing non-equilibrium flows of gaseous mixtures in COIL ducts is supported with software. 
The multidimensional flow throughout the gasdynamic channel is determined by consecutive solution of a set of tasks. Each 
of the tasks is solved for the flow field values in one of the regions of the gasdynamic channel. Obtained solutions are used 
then to set source data for the next task. The way of computation geometry regionalization and order of tasks solution 
depends on the laser design of interest, flow type, and a set of equations used to describe the latter. 
Simulations of sub- and transonic flows are based on the equations of either non-viscous gas in case of homogeneous gas 
mixture or Navier-Stokes allowing for turbulent mixing in flow of interest. Numerical solutions are found following the 
pseudoviscosity method. Non-stationary equations are approximated with difference scheme: explicit for gasdynamics and 
implicit for kinetics. The difference approach used to calculate hydrodynamic equations was developed following difference 
methods of Godunov8 and Lax-Wendroff9. In order to determine the convection streams, this approach first solves the 
discontinuity decomposition problem on each of the edges. Then it determines what is the zone accommodating the edge. If 
the edge is occurred in a shock-wave area, the convection streams are determined from solutions of the discontinuity 
decomposition problem. Otherwise, the parameters are recalculated following Lax scheme. The scheme calculates the 
turbulent flows per the bottom layer. The kinetics of the chemical reactions is calculated using the explicit scheme with 
weights. The equations of the differential models of turbulence are integrated on a time- and space - shifted mesh using 
one-sided difference scheme to calculate convection streams. 
The second task is computation of supersonic flows. The flow field parameters are determined either by integrating 
stationary equations of non-viscous gas or from approximate Navier-Stokes equations. For numerical procedure 
development the differential equations are re-arranged for variables related to the streamlines and that are analogues of 
Lagrangian variables: 

dt = dx, dm   = pudy - pvdx, dm   = piidz - pwdx 

Approximate Navier-Stokes equations for these variables are: 
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Regularizing the problem with strong oblique shock waves, we artificially added viscous terms qu, qv, and qw taken in the 
form suggested by J. Neumann and R. Richtmayer9. 
Equations for turbulent values are written as: 

dt     dm 

dd, 

~dT 
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d 

dm. 

Kt 8kt 

akdmx} 
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The scope of equations is solved following finite-difference procedure from ref.9, that was created for 2D-flows and 
extended for 3D-case. Calculations are made on a chequerwise mesh. Such parameters as density, velocity components, 
pressure, enthalpy, concentrations, and kinetic parameters are determined at the points of the difference mesh having integer 
indexes (f, mu, m2j), and parameters characteristic of turbulence (v„ /«, k„ and d,) - at the points with half-integer indexes 
(f"in, mH+1/2, m2j+i/2). Layer-to layer transition is made in two stages. In the first stage, a new meaning of the turbulent 
viscosity is found on the mesh with half-integer indexes. The equations of the turbulence model are approximated using 
difference scheme of the second accuracy order. The second stage concerns with integration of the motion equations on the 
mesh with integer indexes. Numerical integration of the equations in this stage uses difference scheme of the predictor- 
corrector type. 
The final task is determination of energy performance. The intensity value is obtained under the stationary oscillation 
condition by shooting method. The workflow of iteration cycle is as follows. The amplitude A is predicted for the given 
shape of the intensity distribution J0(x). The flow field values are calculated in the resonator region. The threshold value 
P(A) that suits the given intensity is determined. This is the essence of one iteration cycle. If IP(A) I >S I (s is the prescribed 
accuracy), the program proceed with the next iteration. The amplitude value in iterations is determined subject to the 
following algorithm. First iteration calculates the flow in the "idle" resonator, i.e. A' is assumed null. With condition P(A 0>O 
being observed, that indicates possibility of stationary oscillation, the intensity value in second iteration is defined on the 
assumption that all energy available at vibrational levels is transferred to emission. At this value of the amplitude the 
solution appears to be confined within the "fork" P(A )>0; P(/42)<0. In the following iterations the value AY is determined 
first from linear and then quadratic interpolations. 

COMPUTATION RESULTS 

The above computational procedure was used to study the process of active mixture generation in supersonic COIL with flat 
nozzle. The supersonic partition of the nozzle was calculated using the method of characteristics for Mach number 2.4. The 
subsonic partition consists of a straight channel and conic one with a half-angle 45°. The critical section of the nozzle is 
0.33 cm. A gaseous mixture 0.07 02 + 0.17 02('A) + 0.01 Cl2 + 0.02 H20 + 0.73 N2 having initial parameters P0 = 100 Torr 
and T0 = 300 K is delivered at the nozzle entrance. Injection of the working gas I2 together with buffer gas N2 into the 
energy carrier is performed using a central skew-field under the conditions of subsonic flow in the vicinity of the critical 
section. We investigated numerically three alternatives of mixing of energy carrier and working flows. 
First alternative concerns with flat flow mixing. In this case injection takes place in the axis plane. Fig. 1 shows a schematic 
diagram of the mixing device and computed flow fields. As seen from the figure, flow mixing isn't sufficiently intensive. A 
major part of the energy carrier flow doesn't participate in active mixture generation. The average gain factor at the 
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resonator entrance situated at 4 cm of the critical section amounts to 0.0053 cm"1. Computations of the energy values give 
the value 51J/g. 
In the second alternative the working gas was injected with the aid of pipes running out of the central skew-field along the 
axis plane and uniformly distributed relative to X- and Y- coordinates. A schematic diagram of the mixing device is shown 
in fig.2. Also shown in the same figure are the computed concentration fields of molecule I2 in the planes passing through 
the jets centers. In this version mixing is more intensive than in the first case. However, similar to the previous case, a major 
part of the energy carrier flow doesn't also participate in active mixture generation. In this version the average gain factor at 
the resonator entrance has the value 0.0061cm"1. The extracted energy is 94 J/g. 
In the third version the working gas was also injected through pipes, as was previously, but accommodated chequerwise. A 
schematic diagram of the mixing device is shown in fig.3. Also shown in the same figure are the computed concentrations 
of molecule I2 across the flow and in the planes passing through the jets centers. In this version mixing is the most intensive. 
The average gain factor at the resonator entrance is 0.0074 cm"1. The extracted energy is 171 J/g. 

CONCLUSION 

3D procedures to calculate oxygen-iodine laser performance have been developed. A numerical analysis of three mixing 
alternatives has been carried out. 
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ABSTRACT 
The results of experimental and numerical-theoretical supersonic COIL study carried out at RFNC-VNIIEF in 1998-2000 
are performed. The novel data concern our research into the twisted-flow SOG (TA SOG) performance. The experimental 
investigations of gas-dynamic and energy performance, chemical efficiency, and optical quality are reported and discussed 
for the supersonic COIL with the parallel-flow system of gaseous iodine and singlet oxygen mixing. Application of TA- 
SOG together with the parallel-flow mixing system was shown to allow high values of COIL operation. 
The peculiarities of numerical-theoretical model developed at RFNC-VNIIEF are discussed. 

1. INTRODUCTION 
Industrial applications of the Oxygen - Iodine Laser (COIL) have been under active consideration in the last 5-7 years [1-4]. 
The interest in development of industrial COIL is stipulated by a number of its advantageous peculiarities such as: first, high 
emission power at good beam quality; second, possibility for powerful emission of COIL to reach remote workplaces via 
virtually loss-less fiber-silica beam delivery, which opens new technological areas of application. Due to the purely 
chemical pumping method, an independent powerful industrial laser facility wouldn't have too high demand in electric 
energy. Together with other unique features, all the above properties give COIL a definite priority over other industrial 
lasers, especially in such applications as dismantling of outserved nuclear plants or accident response operations [3-5]. 
COIL development for industrial purposes faces a set of difficulties, the most serious of them being as follows: i) keeping of 
the working vacuum inside the laser cavity; ii) safety and ecological problems related to the presence of chlorine, iodine, 
and corrosive solutions; iii) effective procedures of hydrogen peroxide alkali solution (BHP) preparation and re-circulation. 
These and other problems refer to the tasks that will be solved in the course of industrial COIL development in VNIIEF. 
The principal problem at which the developers are currently focusing their efforts is pressure recovery at the exit COIL duct. 
The highest singlet oxygen pressure that may ensure high laser efficiency is supposed to be determined experimentally. 
Increasing the singlet oxygen pressure one can obtain higher output power with the same size of a facility; and increase in 
the total pressure at the same gas flowrate reduces energy inputs for evacuation. There is no doubt that the approach 
demonstrated by the Samara scientific team, when the pressure is elevated by buffer gas ejection [5], is worthy of note. 
However, this setup needs optimization to decrease the buffer gas flowrate. Our approach combines the buffer gas ejection 
and production of singlet oxygen at the maximal pressure [6, 7]. Then, the paper reports on the present state of the problem 
according to the results of our investigations in VNIIEF. 

2. SINGLET OXYGEN GENERATOR 
A key device of COIL governing available laser energy flux is a singlet oxygen generator (SOG) where chemical energy 
changes into the one stored with electronic levels of oxygen molecules. Singlet oxygen transportation from SOG to the area 
of mixing with iodine is accompanied with small loss in available energy but sufficient increase in gas temperature. The last 
effect leads to additional available energy loss in mixing of oxygen with iodine. Loss reduction requires the transportation 
volume between the reaction zone of SOG and nozzle inlet to be as small as possible. The problem of coordination between 
SOG and nozzle can be readily handled if the gas velocity values at the SOG outlet and nozzle inlet are close to each other. 
In this case SOG is coordinated with the nozzle through a minimal intermediate volume ensuring the least transport loss. 
That means that in-SOG the gas velocity should be not less than 50 - 60 m/s. We assume here the areas of sub- and 
supersonic parts of the nozzle to be equal to each other as is desirable for modular design. Proceeding on available SOG 
publications, the highest gas velocity, at which - according to the authors - the output flow is aerosol-free , was achieved in 
a jet-type SOG as 37 m/s [8]. Further velocity increase was hindered with liquid fraction entrainment out of the reactor. lust 
the same reason limits the pressure at the jet-SOG output with a value about 100 Torr. We understand here that SOG 
operates without any buffer gas. [1]. At the same time, elevated total pressure inside COIL gas channel brings about a 
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number of unquestionable advantages [3-5]. For today, as is known from COIL publications, the main unit limiting singlet 
oxygen pressure inside the COIL channel is SOG. 
Issuing from the requirements of high output pressure and, at the same time, high velocity, we, in VNDEF, have proposed a 
SOG design with twisted aerosol flow (TA SOG) [11] which schematic and general view are shown accordingly in Figs.l 
and 2. 

Singlet Oxygen Generator with 
Twisted Aerosol Flow 

Q(aA) 

4 - liquid (H202+KOH) 

ft-gas 

1-Cylindrical body; 

2-Rotating worm; 
3-Central collector 

for liquid 
4-Collector for 

liquid waste. 
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model Photo 

No buffer gas, Sc=2,Scm2 oUcl 
% 
100 

*—\<KX** 
DY 

0 50 100 

Pout, Torr 

150 

Fig. 3 
TA SOG values measured without 
buffer gas at gas velocity Vout=50 
m/s. 
Measurement point at 10 cm 
of outlet. 

Our investigations performed with measurements of singlet oxygen concentrations have demonstrated the efficiency of the 
proposed system. As was shown in ref. [12], TA SOG is able to provide, without chlorine dilution with indifferent gas, an 
output pressure up to 150 Torr at more than 50 %- yield of singlet oxygen. With chlorine dilution, the pressure was 
successfully increased up to 250 Torr at the in-reactor gas velocity 75 m/s, singlet oxygen yield above 60%, and partial 
pressure of singlet oxygen at the reactor outlet of about 50 Torr. The highest gas velocity in the reaction zone was up to 100 
m/s, electron flux density exceeded 1.7 kW/cm2. All these parameters were provided at steady operation of the reactor and 
output flow free of aerosol at the chlorine utilization above 90%. Fig. 3 shows the pressure dependence of TA-SOG output 
values at gas velocity 50 m/sec. 

The TA SOG reactor can be connected directly to the nozzle without choking the flow between SOG and nozzle 
and without any extra measures to provide dry gas flow that is ensured by steady SOG operation conditioned with the 
design on its own. Aside from the listed values, TA SOG construction can also provide an increase in the waste solution 
pressure at the reactor outlet to above atmospheric values, thus simplifying essentially the fashion of solution re-circulation. 
To this end, it will be sufficiently to connect, through a manifold, the delivery tank containing atmospheric-pressure BHP 
with the input and output solution branch pipes of SOG. One should emphasize that this requires no additional pumps. The 
above fashion has been implemented successfully. SOG operated steadily for three minutes. This time limitation was a 
result of ability of our evacuating system. Fig. 3 demonstrates TA SOG output parameters in BHP-recycle mode of 
operation. It is seen that both the singlet oxygen yield and chlorine utilization don't noticeably differ from those in the case 
of one-pass BHP flow. 

3. MIXING SYSTEM 
The data performed demonstrate that stable-operating elevated-pressure SOG does exist in reality. The next step towards 
high-pressure COIL is the development of proper laser ensuring high efficiency under conditions of elevated singlet oxygen 
concentrations. Nowadays the urgent question to answer is: is it possible for the laser to use a flow with high singlet oxygen 
(SO) concentration without noticeable loss in efficiency? The primary task here is the development and optimization of a 
system for SO mixing with iodine. The investigations launched in VNIIEF for supersonic COIL model are oriented towards 
handling this problem. Our estimates conducted with the COIL simulations using the code developed at VNIIEF have 
showed that it will be possible to keep high laser efficiency at a partial SO pressure of at least 60 Torr. For today, among all 
generators we know it is only TA SOG that can approach so high SO pressure. Therefore, laser experiments with TA SOG 
allow us to determine a tolerant pressure of SO inside COIL duct that may permit high laser efficiency. Below we shall give 
the first results of lasing studies with TA SOG application. As a first step on the present stage, we needed confirmation in 
lasing experiments the TA SOG performance obtained earlier in measurements of SO concentration and making sure of 
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sufficient effectiveness of the mixing system we used. Therefore, our experiments were performed with SO pressure at the 
nozzle inlet of 20 to 30 Torr as it was in the early papers, reported on the highest COIL efficiency attained so far [9,10,15]. 
Fig. 4 shows a photo of the laser facility that represents a COIL model with twisted aerosol flow SOG (TA SOG) connected 
with supersonic nozzle. We have successfully implemented the approach of active gas media mixing in supersonic flows 
developed earlier in VNIIEF for mix-type gasdynamic laser (GDL) [13, 14]. As it was proposed in our early papers [6, 7], 
iodine admixed together with carrier gas was introduced into SO as jets moving in parallel with the main flow. Along with 
this the point of iodine injection shifts from sub- to supersonic region in different experiments. As we think, it is the 
approach to iodine mixing that can provide low loss at a high pressure of singlet oxygen. Another specific feature of our 
experiments was application of a resonator extended in flow direction. Like in our early GDL works, the overall length of 
the tree-sectional resonator was 12 cm in flow direction. This resonator allows stored laser energy extraction at low iodine 
concentration thus reducing losses in mixing singlet oxygen with iodine at high pressure. The results of laser experiments 
are represented in Fig. 5. Fig. 6 demonstrates that each of three resonator sections contribute 
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Fig.5. Typical experimental records 

Fig. 6. Beam 
patterns with three 
resonator sections in 
some experiments 

Fig. 4. 
Facility view during laser 
experiments, 

to total laser output power. A more detailed information on the results of our study is given in the related report presented 
by my colleagues at this conference. After preliminary optimization of the mixing system and mirrors, the attained overall 
chemical efficiency of the laser has achieved 20%. Below some values of one of the experiments are presented. 
Designations are: Gd - chlorine flowrate (mmol/s); Gbun- buffer gas 1 (nitrogen delivered together with chlorine) flowrate 
(mmol/s); GbUf2 - buffer gas 2 (nitrogen delivered after SOG procedures) flowrate (mmol/s); Gcai- iodine carrier (helium) 
flowrate (mmol/s); P0 - pressure in front of the nozzle (Torr); Eff - chemical efficiency of the laser. 

Gci Gbufi Gbuß ^Jcar Po Eff(%) 
55.8 112 37.7 22.5 56.9 20 

As it was suggested, the system of parallel flow mixing appeared to be rather steady with regard to the pressure difference 
occurred between the main flow and injected jets. The values of lasing won't change strongly if the point of injection shifts 
from the subsonic flow into the supersonic region. As well, the laser power keeps virtually the same value during injection 
point placing in the supersonic region if helium is changed by nitrogen as a buffer gas. As was shown, with the elementary 
estimates using conservation laws, mixing in parallel flows takes place at lower loss in total pressure and is accompanied 
with less reduction of Mach number and less temperature increase. This allows us to hope for high efficiency keeping under 
the conditions of pressure increase. Iodine injection together with a carrier gas is evidently superior with respect to total 
pressure increase. 
Thus, the preliminary laser experiments using TA SOG and parallel-flow mixing system have demonstrated: 
• High stability of TA SOG operation: TA SOG outlet was dry in all laser experiments 
• High TA SOG efficiency confirmed with high laser efficiency at low iodine concentrations 
• Necessity of resonator extended in flow direction - each resonator section contributed essentially into the overall lased 

power 
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Investigations into the laser performance and its optimization at high singlet oxygen pressure are expected as the next step 
in the supersonic COIL study program. 

4. NUMERICAL COIL MODEL 
Simultaneously with the experimental study of the laser emission values we were conducting a numerical COIL simulations. 
This allowed us to catch the processes occurred in the COIL flow more entirely and to conceive the effect of various 
parameters upon the laser efficiency. The developed theoretical models determine the gas parameters in-SOG flow and 
during transportation towards iodine injection plane, as well as mixing SO with iodine, interaction with laser emission in the 
resonator. The SOG model calculates kinetic equations allowing for SO production and relaxation, heat exchange in 
interaction with BHP surface and equations of one-dimensional gasdynamics allowing for pressure loss in friction between 
the liquid phase and channel walls. The models of the laser itself describe singlet oxygen transportation taking into account 
drag and heat transfer inside the COIL subsonic channel, and calculate together kinetic equations, as is written for the 
corresponding chemical reactions accompanying the processes of iodine mixing and dissociation, and 2- or 3-D turbulent 
equations of Navier-Stokes allowing for component mixing. Inside the resonator the energy equations were added with the 
terms allowing for interaction with emission and energy outcoupling during lasing. More detailed numerical models 
descriptions are summarized in special reports, presented by my colleagues at this conference. 
Detailed comparison the simulation and experimental results still lies ahead, but the first numerical calculations give the 
reasonable results. 
It follows from numerical simulations that: 

• Mixing in parallel flows ensures high lasing efficiency up to SO pressure in front of the nozzle of at least 60 Torr. 
• Displacement of iodine dissociation into supersonic flow region at high SO pressure would reduce stored energy 

loss. 
• Decrease in iodine concentration would allow reduction of loss in mixing and more homogeneous distribution of 

the gain in flow direction. 
• Due to using a resonator extended in flow direction, homogeneous inversion distribution would allow an increase 

in lasing efficiency. In this case, the mirrors load gets lower. Lowered mirrors load and homogeneous of the gain 
over the resonator are preferable for getting high quality of output emission. 
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Numerical Study of Nozzle Scale Effect upon 
High - Pressure Oxygen - Iodine Laser Performance 

E.A. Kudryashov, Yu. N. Deryugin, B.A. Vyskubenko, S.P. II'in, Yu. V. Kolobyanin E.A. 
Russian Federal Nuclear Center (VNIIEPh), Sarov, Nizhni Novgorod Region, Russia, 607190 

Abstract 
The numerical calculations of the gain and dissociation degree of molecular iodine in a supersonic COIL channel 
are reported for supersonic mixing of flows and 0.2-, 0.3-, 0.4- mm- height critical sections of nozzles profiled 
for Mach number 2.5 to 4.0. 
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Introduction 

In attempts to attain high efficiency (25% and more) of oxygen-iodine laser one must keep a whole series of conditions. 
First, it is required for a singlet oxygen generator to have accordingly the least utilization and oxygen excitation degree 
(yield) of 95 % and 50 % at its outlet. The second condition is minimal transport loss of singlet oxygen occurred in 
propagation of generator gas inside a subsonic channel (from SOG outlet to supersonic nozzle). Third, a prepared active 
medium must have rather good characteristics inside the laser cavity, i.e. high gain, low temperature, and homogeneous 
distribution of gasdynamic values. 
The present report is dwelled on the third point and gives the results of our numerical research into the effect of the 
geometry of supersonic nozzle region upon the active medium performance of COIL. Along with this we shall consider 
different versions with high working gas pressure at the nozzle inlet. The high pressure of working gas is requested for 
easier removing of waste mixture through a neutralization system into the atmosphere. For obtaining high pressure values it 
is possible to employ a generator gas strongly diluted with a buffer one. The dilution degree depends on the type of SOG in 
use. As is known, the oxygen pressure at the outlets of the widely used currently jet- and disk- type generators doesn't 
exceed 20 - 30 Torr 1A3A5. At the same time, the worm-type SOG (TA SOG) developed at RFNC-VNHEF allows between 
80 and 100 Torr of oxygen with a high excitation degree6,7,8. In this case getting of about 200 Torr pressure at the nozzle 
inlet requires noticeably smaller degree of dilution with buffer gas. It is obvious that when the gas in use contains more 
singlet oxygen the value of stored specific energy will be higher. 

Mathematical Model 

For calculations of the SOG performance and investigation into the structure on non-equilibrium flow we at RFNC-VNIIEF 
have developed a model that was realized as a program code that includes four groups of equations. 
The first group contains gas motion equations of Eiler, boundary layer, parabolic and complete Navier-Stokes for 
compressible gas. Based on the Eiler equations it is possible to calculate subsonic, transonic, and supersonic frictionless 
flows. Turbulent supersonic flow mixing processes in mix chemical lasers are calculated from parabolic Navier-Stokes 
equations. Complete Navier-Stokes equations allow simulations of turbulent mixing of subsonic flows and streams behind 
the nozzle pallet. 
The second group of equations was composed of equations for various turbulence approaches. The models utilized in 
numerical experiments are both simple algebraic turbulence approach, Prandtl's for instance, and multiparameter 
differential turbulence approaches such as Secundov's or bi-parameter (k-e)-model developed later by Launder, Potankar, 
and Spolding. 
The third group calculates the chemical kinetic equations that includes the following elementary processes: 
I. 02(a'Ag) + I(2P3/2) <H> 02(X

3Sg) +1 (2P1/2) 2. 02(a'Ag) + Orfa'A,) -> 02(b'Sg) + 02(X
3Ig) 

3. O^a'Ag) + O^a'Ag) -» 02(X
3Eg) + OJX%) 4. O^a'Ag) + I(2P1/2) -> O^'Eg) + I(2P3/2) 

5.02(b' 2g) + M -> O^Ag) + M 6. O^a'Ag) + M -> 02(X
32g) + M 

7.1(2P1/2) + M -> I(2P3/2) + M 8. O^'Sg) +12 -> OaCX3^ +1 (2P3/2) +1 (2P3/2) 
9. O^a'Ag) +12 -> 02(X

3 2g) +12* 10.1(2Pi/2) +12 -> I(2P3/2) +12* 
II. Orfa'Ag) +12* -> 02(X

3Sg) + I(2P3/2) + I(2P3/2) 12.1(2P1/2) +12* -> I(2P3/2) + I(2P3Q) + ifrm) 
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13.I(2P3/2) + I(2P3/2) + M -> I2 + M 14.1(2P1/2) + W ->I(2P3/2) + W 
15.12* + 02(X

3 Zg) -> I2 + 02(X
3 Sg) 16.12* + H20 -► I2 + H20 

17.12* + N2 -» I2 + N2 

where M designates any of the particles participating in the reactions, and I2* designates excited molecular iodine. 
Lastly, the fourth group consists of lasing equations. 
The calculus problem to determine gas-dynamic and kinetic values of the active medium throughout the COIL duct is 
reduced to consecutive solutions of simpler tasks.  Each of the task concerns with flow-field values in one of the regions 
into which the gas-dynamic channel is divided, while each task solution is then used to set initial data for next problem. 
The in-resonator flow calculations were conducted with non-equilibrium flow procedures linked with the modules of 
emission power determination for various resonator types. 
The numerical procedures were realized in the program codes written in FORTRAN-90. The three-dimensional code (3D) 
has been developed for all of the considered models. 

Results of calculations 

In this paragraph we shall perform the results of our COIL calculations carried out for the temperature and pressure of the 
working gas in front of the nozzle accordingly 300 K and 200 Torr. It was assumed that in terms of molar flowrate one half 
of the working gas was performed with the buffer gas, i.e. nitrogen, and another half- with the gas at the outlet of TA SOG 
with the chlorine utilization 94%, oxygen yield 60%, and water vapor pressure 1.9 Torr. Molecular iodine vapors were 
supplied together with the carrier gas - nitrogen - into the vicinity of the critical nozzle section (supersonic mixing version). 
Along with this, the molar flowrates of the admixed and working gases relate as 1:4. Our choice of supersonic mixing 
version was stipulated by the following factors. First, in distinction from the version with gas mixing in subsonic region, no 
special matching are required for the distance between the point of gas admixing and critical nozzle section at variation of 
the working gas values. Second, as it will be shown below, by changing the iodine concentration in carrier gas composition 
and nozzle scale it is possible to control the length of the lasing region in flow direction. 
In case of subsonic mixing one tends, as a rule, to have virtually complete interflow and molecular iodine dissociation. The 
fact that atomic iodine is present in the working medium provides for enhanced relaxation of the stored energy into heat. 
This results in warming the flow inside both subsonic and supersonic nozzle regions. Being heated, the supersonic flow will 
become stagnated. At the same time, the rapid growth of the boundary layer on the nozzle walls leads to additional 
stagnation of the flow. For operations with high-pressure working gas all these factors impose rather strict limitations upon 
selection of supersonic nozzle: it must be extremely short and expanded at a large angle. 
However, the supersonic mixing version hasn't so severe limitations in this aspect. The main requirement here follows from 
the general physics consideration as the demand of the velocities of the carrier gas (together with iodine vapors) and gas 
containing singlet oxygen to differ by 20 - 30 % at least. Then, the process of mixing and generation of active medium will 
develop rather intensively. In this case the principal factor influencing on dissociation of molecular iodine is the nozzle 
length in flow direction that governs the mixing degree. Let's illustrate now this fact with the example of supersonic nozzles 
(profile with corner point) profiled for Mach numbers from 2.5 to 4.0 and having various scales. It's worth to note that 
profiled nozzles are more preferable for better gasdynamic (and consequently, optical) quality of in-resonator flow. Figs. 1- 
4 show the relative concentration of molecular iodine and gain factor calculated for the critical section height of the nozzle 
h* = 0.2, 0.3,0.4 cm and M = 2.5 (fig. 1), 4.0 (fig. 2) as functions of the distance taken in flow direction from the critic. The 
molar iodine concentration in admixed gas was let to vary from 0.4% to 1.6%. 
As follows from the results performed in figs. 1-2 (curves b, d, f), virtually all iodine dissociates at the distance equal to 
2-5-10 lengths of the profiled part of the nozzle and measured in flow direction from the critical section (L « 20 cm). It's 
worth to note that the rate of dissociation of molecular iodine goes up with increase in its concentration. The character of 
changes in the relative iodine concentration occurred with variations in the distance of the critical section has its own 
peculiarities. It is possible to choose conditionally three main sections. First section: value % = I2/I20 increases to the level 
0.9; second section: 0.1 <%< 0.9; third section: x ^ 0.1. As is seen from figs. 1-2 (b, d, e), the first section has the low 
dissociation rate. This property is explained with the fact that the dissociation and mixing processes develop concurrently. 
The rate of the mixing of the energy-carrier gas flow with the iodine carrier depends mainly on two factors: mixing 
geometry and rate difference. The length of this section L! is a function of the nozzle's profile and scale as well as of the 
initial iodine concentration: L! goes up with increase in Mach number and goes down with increase in initial iodine 
concentration. The second section is characterized by the rapid reduction in concentration of I2, the rate of dissociation 
decreasing with increase in number M. This circumstance can readily be explained with the gas density decrease occurred 
with higher M. Lastly, the remained portion of iodine undergoes slow decay in the third section. Thus, variations in initial 
molecular iodine concentration would allow us to change the distance at which complete (or partial) dissociation takes 
place. 
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The most actual fact for laser cavity operation is the gain behavior in supersonic channel. As is seen in figs. 1-2 (a, c, e), the 
gain reaches its maximum value at the distance corresponding to x somewhere between 0.2 and 0.3. It's worth to note that 
with increase in the initial iodine concentration the maximum became sharper and shifts towards the critical section. The 
knowledge of the gain value along the flow would allow us to select, in the most optimal way, the resonator position 
corresponding to the highest efficiency. If the resonator in use is short along the flow, the more preferable initial 
concentrations of I2 are high. Increase in resonator length in flow direction leads to reduction of optimal iodine 
concentration. 

Conclusions and Acknowledgement 

With supersonic mixing application one will be able to: 
• use nozzles with a small expansion ratio even at a rather high pressure at nozzle inlet; 
• control the length of lasing region in flow direction by changing the scale, nozzle profile, and iodine concentration. 

The work was supported financially by the International Science and Technology Center, Moscow (ISTC Project #1118). 

References 

1. Harpole G.M., English W.D., Berg J.G., and Miller D.J., "Rotating disk oxygen generator", AIAA 23rd 

Plasmadynamics & Lasers Conference, July 6-8,1992, Nashville TN, USA, paper AIAA 92-3006. 
2. Grunewald K., Handke J., Bonn W.L., Schall W.O., "Investigations on the efficiency of a rotating disk oxygen 

generator", XI International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, H.J. 
Baker ed., Proc. SPIE 3092 (1997), p.553. 

3. Aziazov V.N., Zagidullin M.V., Nikolaev V.D., Khvatov N.A., Svustun M.I., "02('A) stream generator with oxygen 
pressure up to 13.3 kPa", Quantum Electronics, 21,129 (1994). 

4. Zagidullin M.V., Nikolaev V.D., Khvatov N.A., Svustun M.I., "The sub- and supersonic COILs driven by jet tipe 
singlet oxygen generator", XII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser 
Conference, 31 August-5 September 1998, St. Petersburg, Russia, p.246. 

5. Zagidullin M.V., "The study and development of jet type singlet oxygen generator for COIL", XII International 
Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 31 August-5 September 1998, St. 
Petersburg, Russia, p.569. 

6. Vyskubenko B.A., Krukovsky I.M., Adamenkov A.A., Deryugin Yu.N., Il'yin S.P., Kudryashov E.A., "Investigation of 
the Singlet Oxygen Generator with the Twisted Flow", Conference on Lasers and Electro-Optics Europe, 
CLEO®/Europe, 14-18 September 1998, p.271. 

7. Ivan M. Krukovsky, Anatoly A. Adamenkov, Boris A. Vyskubenko, Yuriy N. Deryugin, Sergey P. Ilyin, Eugeny A. 
Kudryashov, "Investigation of the Singlet Oxygen Generator with the Twisted Flow" / in Gas, Chemical, and Electrical 
Lasers and Intense Beam Control and Applications, Santanu Basu, Steven J. Davis, Ernest A. Dorko, Editors, 
Proceeding of SPIE Vol. 3931, 99-108 (2000). 

8. F. Wani, M. Endo, B.A. Vyskubenko, S. Takeda, T. Fujioka, H. Fujii, "Experimental Study of Singlet Oxygen 
Generator for the COIL", 29* Plasmadynamics and Lasers Conference, June 15-18, 1998, Albuquerque, NM, AIAA 
98-2990. 

Proc. SPIE Vol. 4184 63 



Ä.cm"1 yi2l 
0.018 

0.016 

0.014 

0.012 

0.01 

0.008 

0.006 

0.004 

0.002 

3 

JV2 

^*~i 

i    L, cm 
I ! 1 

10 15 20 25 

a) 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

1 

2 \ 

\V v 
V\ v^ L, cm 

10 20 25 

b) 

k, cm 

A,cm"' 
0.016 

0.014 

0.012 

0.01 

0.008 

0.006 

0.004 

0.002 

0.016 -, 3 

j\2 

N. i 

"^ 

0- 
L, cm 

1  
10 15 20 25 

C) 

3 

\2 

^ 

  
L. cm 

10 15 20 25 

e) 

Fig. 

I2/I20 
1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

1 

1 

2\ 

3\    \ 

\ \ 

'            
L, cm 

IA 
1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

10 15 20 25 

d) 

1      \ys. 

1 

2\ 

A. \ 
1 

l~"      *  

L, cm 

10 15 20 25 

f) 

Gain factor k (a, c, e) and relative molecular iodine concentration I2/I20 (b, d, f) calculated as functions of distance L of 
no22le critical section. Nozzle profile corresponds to Mach number M = 2.5, adiabatic exponent y = 1.4. 
(a, b) - nozzle critical section height h* = 0.2 cm, profiled part length lmz = 1 cm; (c, d) - h* = 0.3 cm, l„0: = 1.5 cm; (e, f) 
- h* = 0.4 cm, lmz = 2.0 cm. Molar iodine concentration in admixed gas ai = 0.4 % (1), 0.6 % (2), 0.8 % (3). 

64 Proc.SPIE Vol. 4184 



k, cm M21 
0.012 
0.011 

0.01 

0.009 
0.008 
0.007 
0.006 
0.005 
0.004 

0.003 
0.002 
0.001 

4 
3 

5 c\v 

/   2 y 
1    jS 

L, cm 
 1  

10 15 20 25 

a) 

I 

0.01 -1 
^cm"1 

-4 , 
3 

0.009 - 

0.008 - 
5' // 

—2  

/ l V 

0 - 
L, cm 

10 15 20 25 30 

C) 

Ä,cm"' 
0.01 

0.009 

0.008 

0.007 

0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

5 4 J 

v 

/  / 
/ 2   s\ 1 jf 

L, cm 

10 15 20 25 

e) 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

vl 

s/\2\ 

C\3\ 
YV4i\ 
X\ 

!5sa^ ^ 

I2/I: 2'120 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

I2/I2. 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

10 15 20 25 

b) 

O^v^l     ~ 

tx/N. 
s,   3N. 

s\ > 
XN S 

■*^L, cm^^ 

10 15 20 25 

d) 

\1 

VW. 2 

X x /i xl    X. 

X\ \3  \ 

^s 
V^^s 

"^ ̂ 5^: SÜ ^=*S 

10 15 20 25 

f) 

Fig.2 
Gain factor k (a, c, e) and relative molecular iodine concentration I2/I2o (b, d, f) calculated as functions of distance L of 
nozzle critical section. Nozzle profile corresponds to Mach number M = 4.0, adiabatic exponent y = 1.4. 
(a, b) - nozzle critical section height h* = 0.2 cm, profiled part length lmz = 5.25 cm; (c, d) - h* = 0.3 cm, /^ = 7.9 cm; 
(e, f) - h* = 0.4 cm, l„02 = 10.5 cm. Molar iodine concentration in admixed gas 04 = 0.8 % (1), 1.0 % (2), 1.2 % (3), 1.4% 
(4), 1.6% (5). 

ProcSPIE Vol. 4184 65 



Iodine dissociation in supersonic COBLs with different schemes of iodine 
mixing 

B. D. Barmashenko, E. Bruins, D. Furman, V. Rybalkin and S. Rosenwaks 

Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel 

ABSTRACT 

An analytical model is developed for calculating the iodine dissociation fraction F and the number N of C>2( A) molecules 
lost in the region of iodine dissociation per I2 molecule in slit nozzles. The model is applied to results obtained for different 
mixing schemes. 

Keywords: chemical lasers, oxygen, iodine, dissociation. 

1. INTRODUCTION 

To understand the kinetic and mixing processes in supersonic COILs operating without primary buffer gas and different 
mixing schemes and optimize the output power it is necessary to get information on the small signal gain and iodine 
dissociation fraction. The gain can be easily measured using diode laser based diagnostic '"3. However, it is difficult to 
measure the dissociation fraction of iodine because the absorption of I2 molecules in the supersonic portion of the flow is 
very small, in particular when the gain length is short, as in our laser 4. The only experimental measurement of the 
dissociation fraction was carried out in 5 for the RADICL, where the gain length is 25 cm, i. e. 5 times longer than in our 
laser. An analytical method was developed in 3 for calculation of the iodine dissociation fraction F and the number N of 

C>2( A) molecules lost in the region of iodine dissociation per I2 molecule. In this paper mis method is modified to be 
applicable to me slit nozzles and applied to results obtained for different mixing schemes. 

2. MODEL FOR CALCULATION OFF AND NFOR SLIT NOZZLE 

The model for calculation of F and N for grid nozzle was presented in 3. Here this model is modified to be applicable to the 
slit nozzle. Using the dependencies of g and T on nl 2 we can calculate the I2 dissociation fraction F at the resonator optical 
axis. To take into account final mixing rate of iodine, assume that total number density of iodine atoms is non-uniform in 
direction y perpendicular to both the flow direction and resonator optical axis: 

kl    n 

where n is the total flow rate, f(y) a normalized form-factor and H is the height of the flow duct. Therefore the iodine 
mixing parameter can be defined as 

77 = l//(0). (2) 

For uniform iodine distribution both /(0) and rj are equal to unity. If the mixing is slow and iodine is concentrated near 

the centerline one has /(0)»1 and 77 «1, which means that mixing parameter is small. The relation between the local 

gain g, Fand the C^^A) yield 7at Ihe optical axis is3 
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Fyzi,e+ifi-i (3) 

where Ke = 0.75 exp (402/7) is the equihbrium constant of reaction 02( A) + ICP3/2) -> 02( 2) +1( P1/2) • The following 
relation connects Ywith the yield Y, before the iodine injection: 

nl F 

'     n02 

where «02 = («Cl2)0£/is the oxygen flow rate and t/the chlorine utilization in the C^A) generator. Eq. (4) assumes fest 
diffusion of oxygen molecules, i. e., the oxygen is distributed uniformly over y. N can be found from the energy 
conservation equation: 

cp[(np+ns)T0 -np(T0i)p -ns(T0i)s] = q^l2FN-qhnl2F 

T  P      2KeY 
-q..n\2F-: r , 

(Ke-iy+i 
(5) 

where cp = 7/2 jfc is the specific heat capacity of diatomic gas, np = («Cl2)o + «H20 and ns = »N2 + »I2 are the primary and 
secondary flow rates, T0 the stagnation temperature of the flow in the reaction zone, (T0l)p and (T0I)S the stagnation 
temperatures of the primary and secondary flow, respectively and qA = 11,340 K, q\ = 18,400 K and qp = 10,954 K are the 

energy of O^'A), dissociation energy of I2 and the energy of I *C^iri) > respectively. The first term in me right-hand-side 

of Eq. (5) corresponds to the energy lost by 02(
JA) in the region of I2 dissociation, the second term to the energy of I2 

dissociation, and the third to the energy of excitation of the iodine atoms produced via the iodine dissociation. 

Just as in 3, T0 is given by: 

T0=T0c^- + T-Tc^-, (6) 

where Tc and pc are the static temperature and molecular weight in the "cold" runs without adding I2 to secondary N2. 

The value of Tc was found by linear extrapolation of j(»l2)to «12, corresponding to zero gain. 

np(T0i)p+rM2(T0i)s 

°C  ~ .       XT ^   ' »p + «N2 

is the stagnation temperature in the cold runs. 

Solving the system of equations (3) - (5), with T0 given by Eqs. (6) and (7), we find dependencies of F, N and Y on nl2. 

The mixing parameter 77 is an unknown parameter. To determine the value of TJ we compared the dependence N (ril2 ) 

with the theoretical value of the number N (indicated below as N^ ) as described in3. 

3. APPLICATION OF THE MODEL TO DIFFERENT MIXING SCHEMES 

The model is applied to the results of experimental measurements of g and 7" for nozzles with iodine injection in transonic 
and supersonic sections of the nozzle described in detail in5. Fig. 1 shows dependencies of g, 7/and on /1I2 for slit nozzle 
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No. 15 at «Cl 2=11.7 mmole/s and opened leak downstream of the resonator (see Ref. 5). The maximum value of F is 
about 0.6 for Nozzle No. 1. The dissociation fraction F for nozzles No. 1 and 2 is higher than for the grid nozzle, which is 
due to above-mentioned higher mixing parameter in the slit nozzle. For nozzle No. 3 (iodine injection in the diverging 
section), Fis about 0.3, i. e., much smaller than for nozzles Nos. 1 and 2. This is because of the short residence time of the 
gas in the volume between the iodine injectors and the resonator optical axis, due to the high jet velocity caused by both 
high «N2 and the fact that iodine is injected in the divergent section of the flow. To determine the values of the mixing 
parameter 77 we compared the dependence N(ri\.2) with Ntf, as described above. Good agreement between TV and Ntf, is 
obtained for n equal to unity. As shown in3 for the grid nozzle, the best agreement between N and N^ is obtained for 
mixing parameter of ~ 0.5. Hence the mixing parameter for slit nozzle No. 1 is higher than for the grid nozzle. The values 
of T) for other nozzles are found the same way and are close to unity. 

Calculated values of F for closed leak are higher than for opened leak. Fig. 2 shows dependencies of g, Tand F on nli for 

nozzle No. 2 at nCl2 = 20.1 mmole/s. It is seen that the maximum value of F is close to unity. The same is correct for all 
other runs with closed leak except the run for Nozzle No. 3 (iodine injection in the diverging section), where F is about 0.6. 
To obtain mat the calculated F< 1 for any «I2 one should assume that the mixing parameter n is about 0.7 or even smaller, 

i.e., that mixing is poor. For larger 77 (close to unity), calculated maximum values of F are larger man 1, which is obviously 
incorrect. The value 77 = 0.7 corresponds to the best agreement between N and Ntf,. Closing of the leak has two opposite 
effects on iodine dissociation. On the one hand, for closed leak the mixing efficiency 77 is smaller, hence the local number 
density of iodine atoms near the flow centerline is higher than for opened leak, which results in higher rate of iodine 
dissociation and larger F. On the other hand, the flow velocity for closed leak is larger than for opened leak. As a result, 
the residence time of the gas between the injection location and optical axis and hence the value of F should decrease. The 
effect of small mixing efficiency is probably stronger than the effect of the shorter residence time, which results in the 
higher values of F for closed leak. 

4. SUMMARY 
Measured values of the gain and temperature in the cavity of a slit nozzle, supersonic COIL are used to calculate the iodine 
dissociation fraction F using a very simple model. Maximum calculated values of F are close to unity for slit nozzles with 
transonic injection of iodine, however, in mis case mixing is poor. Opening a leak downstream of the cavity in order to 
decrease the Mach number and increase the cavity pressure results in the decrease of the dissociation fraction. However, the 
mixing parameter in this case is close to unity. Naturally, the calculated values of F should be regarded as rough estimates, 
however, we believe that qualitatively our simple model predicts the correct behavior of F as a function of different flow 
parameters. To find the exact values of F experimental measurements of iodine molecule absorption in the cavity should be 
carried out. 
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Fig. 1. Hie gain, temperature and iodine dissociation fraction at the resonator optical axis for slit nozzle No. 1 as a function 
of the iodine flow rate. The chlorine and secondary nitrogen flow rates are 11.7 and 2.5 mmole/s, respectively, the leak 
downstream of the resonator is opened. 
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ABSTRACT 

In this paper, we mainly describe the structure of an unstable resonator with 90-deg beam rotation(UR90) outputting annular 
beam for a chemical oxygen iodine laser(COIL) and the geometry mode of the beam. A beam quality of 3.2 times 
diffraction limit was achieved in the experiment while the COIL average output power was approximately 4kw in the case 
of magnification of 1.69, as well as the property of the annular beam was analyzed. 

Keywords: chemical oxygen iodine laser, beam quality, unstable resonator, UR90, annular beam 

1. INTRODUCTION 

The chemical oxygen iodine laser(COIL) is a chemical laser with high efficiency, high power and a short wavelength. In 
recent year development of the COIL has been remarkable. Beam quality is also an important characteristic for COIL, 
however, experimental investigation for improvement of the COIL beam quality has scarcely been reported. 

It is very important that how to obtain good beam quality in the supersonic transversely flowing medium. A conventional 
confocal unstable resonator has some advantages of large controllable mode volume, good transverse mode discrimination, 
and efficient coupling output, but it is very difficult to obtain a near diffraction limit beam because of its sensitive to the 
medium heterogeneity and cavity misalignment.1 

For the supersonic flowing medium of the COIL, singlet oxygen 02('A) that is the energy reservoir ties to the following 
relation. 

Y = (Y0-B/A)e-Az/U+B/A (1) 

where Yis yield of 02('A), Y0 is initial yield of O^A), ,4=KF[I]+KR[f ], £=KR[O2]0[I*] 

The yield of singlet oxygen 02(
1A) based upon Eq. 1 drops down exponentially and the gain decreases along the direction of 

the gas flowing. Therefore, due to obtain the good beam quality, it is necessary to have a novel optical resonator which can 
average the optical aberrations, thermal distortion and heterogeneity of the supersonic flow. 

The concept of beam rotation was first presented by Yu. AAnan'ev2 at St. Petersburg University, Russia in 1979. Paxton 
and Latham Jr.3 at Air Force Weapons Laboratory USA successfully demonstrated in C02 laser using UR90 with filled in 
beam output in 1986. A good beam quality was achieved by means of beam rotation averaging the optical aberrations, 
thermal distortion and heterogeneity of the supersonic flow. We obtained the result of 5kw average output power and beam 
quality of less than 2 times diffraction limit by using the UR90 resonator on COIL in 1996.4 The magnification of the cavity 
is enlarged as the gain is increased, and then the efficient mode volume can not be fully used in the UR90 with a filled in 
output beam by using beam expanding spherical mirrors. However, in this case, the UR90 having annular output beam was 
used to avoid above disadvantage. 

In this paper, we report the experimental results of the UR90 with annular output beam for the COIL including output power 
and beam quality, the comparison with the filled in beam is also given. 
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2. EXPERIMENTAL APPARATUS 

2.1 Chemical Oxygen Iodine Laser Experimental setup 

The schematic drawing of the COIL experimental setup is shown in Fig. 1. 

rotating disk SOG        separater    cold trap nozzle array    cavity       diffuser 

H2O2 

KOH vaccume pump 

iodine cell   1*—^z 

X=lM5\imfy 

Fig. 1     The schematic drawing of the COIL setup 

The basic composition of the supersonic COIL system consists mainly of a gas supply system, a basic hydrogen 
peroxide(BHP) premixing system, a rotating disk singlet oxygen generator(SOG), a gas-liquid separator, a water vapor cold 
trap, an iodine vapor generator, a supersonic oxygen iodine mixing nozzle array, a gain cell with an optical resonator, and a 
vacuum system with roots and mechanical pumps. 

The device is driven by a rotating disk singlet oxygen generator. A mixture of chlorine and helium is introduced into SOG 
where it contacts basic hydrogen peroxide. The gas flow including excited oxygen, ground state oxygen chemically 
produced in SOG, some residual chlorine , few water vapor and lots of helium passes through a gas-liquid separator and 
cold trap to reduce the water content. The flow is ducted to the subsonic entrance channel of the nozzle. Gaseous iodine is 
injected in front of the nozzle throat and mixed with the singlet oxygen. The nozzle array provides a A/=2 active flow in the 
cavity. After leaving cavity, the exhausted gas flow is eliminated by roots and mechanical pumps. 

2.2 The Description of UR90 with Annular Output Beam 

The configuration and experimental result of UR90 with filled-in output beam were previously reported. The greatest 
difference between UR90 with annular output beam and filled-in output beam is the shape and position of the output scraper 
where the former is placed on-axis and the latter is located off-axis. The schematic configuration of UR90 with annular 
output beam is illustrated in Fig.2. 

ROOFMIRRORl 

CONVEX MIRROR 

CONCAVE MIRROR 

ROOF MIRROR! 

SCRAPER MIRROR 

ROOF MIRROR 

Fig. 2   Schematic of UR90 with annular output beam Fig. 3   The left side view of UR90 with annular output beam 

The UR90 with annular output beam is composed of two rooftop mirrors, an off-axis expanding telescope, and a output 
scraper. The No.l rooftop mirror that consists of two orthogonal reflecting plates glued together has 45 degrees to horizon 
and provides beam rotation. While a light beam passes a round trip in the cavity, the beam cross section will rotate 90 
degrees around the axis clockwise and be expanded M times, where M is cavity magnification. The left side view of UR90 
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with annular beam is shown in Fig.3. As shown the beam cross section inside the cavity on each mirror, it is evidently that 
we can derive Oi0203 which is an isosceles right triangle. That will provide the reference calibration point for alignment of 
the resonator. 

For the UR90 with filled-in output beam, the beam cross section on the output scraper is shown in Fig.4. Where O is the 
point of optical axis position, M is the cavity magnification, the shadow "CDEF" is the size of the output beam, a is the 
distance from the edge of the scraper to the optical axis. To ensure that the rectangle beam emerges itself while oscillating, 
the geometric beam size is established proper ratio between the length of the beam and the width. The proportion is 
expressed as follow: 

/ = (M2 +MA)a;h = (M + M^ajlh = M (2) 

Which is equal to the optical magnification. For the COIL, as the length of the gain medium along the gas flow is definite, 
in case of lower gain, the magnification is selected lower, the shape of the beam is close to square and the volume of the 
mode is lager. However, the magnification is enlarged as the gain increased, then the shape of the beam is being changed to 
prolate and the mode volume decreases. That will make against the efficient use of the gain medium. 
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Fig. 4   Beam cross-section of UR90 with filled in beam 
on the scraper mirror position 

Fig. 5   Beam cross-section of UR90 with annular beam 
on the scraper mirror position 

For the UR90 with annular output beam, the output beam section is shown in Fig.5. Where O, M, and the shadow are 
defined as above, a is the radius of the aperture on the scraper. To ensure that the beam emerges itself while it rotates 90 
degrees, the shape of the beam is square and circle, and the geometric shape of the beam is no longer related to the 
magnification. When the different magnification is selected, the beam section is not changed by means of corresponding 
size of the aperture on the scraper. 

3. EXPEREMANTAL RESULTS AND ANALYSIS 

We used a magnification of 1.69. The equivalent length is given by6 

L   =(i + _L-XLfl+iL + _^-) 
" M2     '    M    M2 (3) 

Where M is the magnification, La is the distance in the forward direction from the scraper to the convex mirror, L/, is the 
distance from the convex mirror to the concave mirror, and Lc is the distance from the concave mirror to the scraper. The 
equivalent Fresnel number 7^=5.4 is calculated from 

N. 
a2(M2 

1) a2(M*-X) =  
2Uf*L        2X(M2La+MLb+Lc) 

(4) 

Where a is the aperture radius of the scraper, A is the laser wavelength. The actual parameters of the UR90 with annular 
output beam are listed in Table 1. 
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Table 1   UR90 with annular output beam parameters 

Magnification 1.69 Diameter of beam 38 

Concave radius/mm 6000 LJmm 3208 

Convex radius/mm 3540 Lb/mm 1230 

Equivalent Fresnel number 5.4 LJram 5390 

Hole radius of scraper mirror/mm 11.2 Cavity length/mm 9828 

The far field intensity distribution of Ihe UR90 with annular output beam is shown in Fig.6 in case of magnification of 1.69 
and average output power of 4kw. 

Fig.6   Plot of the far field intensity profile pattern of the UR90 with annular output beam in case of magnification of 1.69. 
The focusing lens has a 5-m focal length. 

By using the Model LBA-100A laser beam quality analyzer made by Spiricon, Inc., the measured beam divergence is 
0.27mrad, and the beam quality of ß=3.2 has been achieved, where ß is defined as 

ß = - 
0 experiment 

(5) 
theory 

is the divergence of a filled-in beam with uniform amplitude where B^^^,^  is the measured beam divergence and Qthemy 

and phase at the same beam dimension. 
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Fig.7   The relation of diffraction limit vs magnification 

For a ideal annular beam, the far field energy distribution is expressed as 
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£(z) = -i-T- J^-e'^E)]^ (6) 
2(l-e2)J

0      z ez 

where s is the shelter ratio of the aperture and is equal to the reciprocal of magnification. 

Figure 6 gives the theoretic curve of the far field energy integral vs diffraction limit in case of different magnification, from 
the view of the curve of M=l.69, the beam quality of the annular beam is equal to 2.6 times diffraction limit. Hence the 
experimental result of ß=3.2 quietly approaches to the theoretic value of ß=2.6, in the other word, the actual beam quality 
was mainly affected by the shelter of the annular beam, but the affection of the shelter is decreased as the magnification is 
increased, foe example, a magnification of M=3 is selected, the ideal beam quality of ß=1.4 can be achieved. 

The experimental result proved that the aberrations, thermal distortion, and heterogeneity of the gain medium in the UR90 
with annular output beam can also be mitigated by beam rotation compared with the UR90 with filled-in output beam, the 
near theoretic beam quality can be obtained. As the high gain medium and high magnification are used, the influence of the 
shelter is reduced, then the near diffraction limit beam quality can be achieved. 
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Small signal gain and temperature profiles in supersonic COIL 

Karin M. Grünewald, Jürgen Handke, Frank Duschek 
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ABSTRACT 

In the cavity of the supersonic COIL of DLR, the time dependence and the spatial dependence of small signal gain 
(ssg) and intra-cavity temperature (ict) are investigated for a broad range of operating conditions. 

The ssg is measured by a commercial diagnostic system of PSI with a software package upgraded by the Air Force 
Research Lab of Kirtland, U.S.A.1A3'4,5 The line-shape of the COIL gain profile is scanned in frequency by a diode laser of 
narrow linewidth operating in the region of the COEL transition frequency. The ict is derived from the full bandwidth at 
half maximum of the inscribed Gaussian profile. 

The experiments are performed for different combinations of secondary gas flow at unchanged primary baseline con- 
ditions. The results are interpreted with regard to the ssg and the temperature distribution for optimized COIL operation. 

KEYWORDS: Supersonic COIL, small signal gain, intra-cavity temperature, optimized laser operation 

1. INTRODUCTION 

The lasing transition of COIL takes place between the first excited electronic state of atomic iodine I(2Pi/2) and its 
ground state I(2P3/2) at a wave length of X = 1.315 um. The equation for the stimulated emission is given by 

I(2Pi/2) + hv0 - I(2P3/2) + 2-hv0, 
with Planck's constant h and the resonating frequency of the lasing transition v0 = 2.28-1014 Hz. In present COIL-systems, 
the energy for the excitation of atomic iodine is stored in molecular oxygen of the singlet delta state 02(

1A). The excited 
oxygen is also used to dissociate the molecular iodine vapor before entering the laser cavity. By both processes, dissocia- 
tion and excitation, the oxygen is de-excited into its ground state. 

When the beam of a probe laser with infinitesimally small intensity 3 0 and the resonant frequency v0 interrogates the 
COIL-active medium, the amplification can be described by the following expression: 

3(vo)  _c(ft,-D 
30(v0) 

where 3 symbolizes the amplified intensity. The gain length is denoted by L. The ssg go is given by the equation 

9o(v) = Tr4^-f(v)fw2pi/2)] " |['(2p3/2)] 12   87t        V      ""        2 
with the Einstein coefficient A and the line-shape function f(v). Since the ict T has to be measured in a non-contact way to 
avoid disturbances of the supersonic gas flow, it is derived from the full width at half maximum of the Gaussian profile 

.    „.>    2-vn  /2-k-T . _ 
Av,^^—-In2, 

that is inscribed in the Voigt profile of the gain line-shape. The full width at half maximum of the Gaussian profile is 
given by AvD, and the Boltzmann's constant is denoted by k. The velocity of light within the medium is represented by c 
and M symbolizes the mass of the particles. 

2. EXPERIMENTAL 

For the investigation of ssg in DLR COIL, the beam of the probe laser passes the gain medium parallel to the optical axis. 

* Correspondence: Langer Grund, D-74239 Hardthausen, Germany, Tel. +496298 28-241, Fax +496298 28-582, e-mail: 
karin.gruenewald@dlr.de 
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The measurements were performed for hot runs of 10 sec. duration. 
As shown in fig. 1, the set-up consists of the probe beam emitter/detector unit of the gain diagnostics and a mirror 

system for beam alignment, both mounted on an 
assembly of motorized linear stages. The stages 
allow fest and precise movements in two perpen- 
dicular directions. This special arrangement en- 
ables a two-pass scan of the probe through the 
COIL medium. The divergence of the probe beam 
was roughly determined to a value of 2.3 
mmmrad. 

The temporal dependencies of ssg and of ict 
are measured for 5 positions along the flow axis 
at different heights of the flow channel. In a sec- 
ond scheme, the spatial dependencies of ssg and 
temperature are recorded. The resulting grid of 
measuring positions is presented in fig. 2. 

x:« direction of resonator axis and 
probe team 

y:» vertical axis 
z: -Mow direction 

Fig. 1: Experimental set-op with probe beam propagation. 

vertical axis 
During the progressing hot run, scans are performed in flow di- 

rection as well as in vertical direction of the flow channel. Temporal 
effects due to the increasing water vapor evaporation in the pro- 
gressing hot run have to be de-convoluted from the local gain read- 
ings to achieve the pure spatial dependencies of ssg and temperature. 

In DLR COIL, the iodine flow is perpendicularly admixed to the 
flow of excited oxygen in the subsonic region of a laval nozzle array. 
Helium is chosen as buffer gas for both flows. For such mixing con- 
ditions, the dissociation of iodine starts before the gas flow enters the 
nozzle throat and is expected to be fairly finished at the nozzle exit 
plane (NEP). For the whole test series, the primary gas flow remains 
unchanged at baseline conditions with a chlorine molar flow rate of 
500 mmol/s and a dilution ratio of He:Cl2 = 3:1. 

In former investigations6 the optimum adaptation of secondary gas flow to the primary baseline conditions was found 
to be I2/O2 « 1.75 % and Besecß2 « 70. The optimization of gas mixing was performed with the intention to achieve maxi- 
mum power output from a stable resonator. For the investigations on ssg, the secondary gas flow is varied from the opti- 
mized conditions in two different manners: First, the molar flow ratio HesecA2 is changed while keeping the iodine molar 
flow rate optimum, and second, by changing the iodine molar flow rate, while the He^/L. ratio is kept at the optimum 
value. The results of the measurements are interpreted in comparison to the ssg and temperature distribution for optimized 
COIL operation. 

flow axis 

standard position of optical axis 
z = 17mm, centerline 
measuring positions 

increments in z-drrection: 7 mm 
increments in y-direction: 4,5 mm NEP 

Fig. 2: Cavity aperture with measuring positions 
for 2D small signal gain and temperature detection. 

3. PROFILS OF SMALL SIGNAL GAIN AND TEMPERATURE 

3.1 Development of small signal gain 
and intra-cavity temperature during 
progressing hot run 

Fig. 3 presents the histories of ssg 
and ict for a variation of the secondary 
helium flow at optimum iodine flow rate. 

The achievable ssg strongly depends 
on the gas mixing. The optimum operat- 
ing conditions yield the maximum ssg for 
the whole hot run duration at a range of 1 
%/cm to 1.2 %/cm. While a deficiency of 
secondary helium leads to a strong re- 
duction of ssg, a surplus of secondary he- 
lium shows only a slight effect. The de- 
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Fig. 3: Time dependent small signal gain (left diagram) and intra-cavity temperatu- 
re (right diagram) for a variation of secondary helium flow rate (z = 17mm, y= 0). 
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crease of ssg along the time scale can be approximated by straight lines. The shape of ssg follows from increasing 
quenching of atomic iodine due to the temporal increase of water vapor evaporation. Thus, the temporal profiles of ssg 
strongly depend on the operating conditions, but are independent of the local position within the cavity. This feet is used in 
the following to eliminate the superimposed temporal effects from the spatial readings. 

The evaluation of the temperature readings is complicated by the scattering of the results (mainly in the case of small 
values of ssg due to the low signal-to-noise ratio). Therefore, in a first approach, the temperature readings, fig. 3, are also 
fitted by straight lines. This simple approximation enables a survey on the temporal dependence of temperature in a cavity 
with supersonic flow. The ict starts at 200 K +10% and increases by a value up to 25 % during the 10 seconds of hot run. 

3.2 Spatial dependencies of small signal gain for different operating conditions 
Fig. 4 shows profiles of ssg along the flow 

axis for a variation of secondary helium and io- 
dine, respectively. Due to the high dilution ratio 
of I2 for high helium flow rates, the ssg profiles 
follow from the inefficient iodine dissociation. 
The dissociation extends into the cavity region. 
When the dilution ratio of iodine is small, the 
iodine concentration in the secondary jets is 
higher and the flow velocity is smaller. Conse- 
quently, the dissociation rate at the cavity en- 
trance is higher but accompanied by a high con- 
sumption of 02(

1A) and a high energy release 
into the flow. 

A raise of the iodine flow rate higher than 
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optimum leads to an increase of ssg and a shift of the local maximum towards 
the NEP. At a further increase of iodine, the local ssg-maximum "moves" into 
the area of the nozzle grid, and the ssg-values monitored in the cavity only 
present the inclined branch beyond the maximum. Generally, the effects of a 
variation of iodine flow rate on ssg do also depend on the respectively chosen 
combination of secondary helium and iodine flow7. 

As presented in fig. 5 for optimum operating conditions, the profile of 
ssg in vertical direction shows a broad core flow with almost constant ssg. 
Taking into account that the spatial resolution for the recording of ssg 
amounts to 7 mm, this core flow reaches from -10 mm up to +10 mm The be- 
havior of ssg within the boundary layers could not be detected in detail, be- 
cause of the unfavorable ratio of layer thickness to beam diameter. 

3.3 Spatial dependencies of intra-cavity temperature for different operating conditions 
The spatially dependent temperatures cor- 

responding to the above presented ssg meas- 
urements are shown in fig. 6. In each of the test 
runs, the temperature increases along the flow 
axis due to the heat release in the loss proc- 
esses. The increase of the temperature continu- 
ously raises the threshold yield in flow direc- 
tion. 

As to be seen in the left diagram of fig. 6, 
the temperature achieved at the cavity entrance 
is highest for small ratios of He/I2. This be- 
havior points out both, high (^('Ay-tosses due 
to the dissociation of iodine and a weak heat 
dissipation due to the small amount of secon- 
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dary helium. With increasing helium flow rate, the ict decreases. The highest ratio of He/I2 leads to the smallest ict, even 
smaller than for optimized conditions. The still lower ssg at the cavity entrance, directly confirms the assumption of an in- 
complete dissociation for high helium flow rates. 

The right diagram of fig. 6 shows the results for a variation of the iodine flow rate. At small flow rates, a compara- 
tively small part of O^'A) is lost in dissociation and the gas flow is not yet strongly heated up at the entrance of the cavity. 
High iodine molar flow rates cause high 02('A)-consumption in dissociation and the ict starts at values above the tem- 
perature for optimized conditions. Consequently, the feet that the highest values of ssg are achieved with high iodine flow 
rates, despite of the high threshold yield, demonstrates the effect of the large number of iodine atoms on the amplification 
properties. 

4. CONCLUSION 

The stationary ssg decreases almost linearly with time during the hot flow. The gradient is independent of the local 
position within the cavity, but depends on the operating conditions. At operating conditions that induce small values of 
ssg, the temperature measurements show a strong scattering of the values. 

For optimum operating conditions, the spatially scanned ssg is nearly constant along the flow axis at about 1.2 %/cm 
The corresponding ict increases from 190 K to 240 K during a hot flow of 10 seconds. 

For non-optimum operating conditions, the ssg varies along the flow axis. Generally, the spatial dependence of ssg is 
determined by the combination of dissociation, excitation and quenching loss due to the respective gas mixing. For most 
operating conditions, the resulting ssg is smaller than the ssg achieved by optimized mixing conditions. The only excep- 
tion is found for high iodine flow rates. The corresponding ssg can exceed the values achieved for optimized laser opera- 
tion, mainly in the fore part of the cavity. Thus, the ssg is essentially determined by the number of iodine atoms in the flow 
and by the temperature of the active medium. In vertical direction, there exists a broad core flow with almost constant ssg. 

A temperature range of 200 K ± 10 % and above is found to be typical for the whole test series. Smaller values of 
temperature were measured only for extreme operating conditions, that are not usable with regard to an efficient laser op- 
eration. 

The ssg presented in this paper is an average value in the direction of the probe laser path. Due to the nozzle grid 
configuration, the ssg actually varies according to the different layers across the flow field. Experiments on the spatial de- 
pendence of ssg in the direction of the optical axis will complete the present investigation. 
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ABSTRACT 

A frequency conversion technique applied to iodine laser beams is described in detail for the ISKRA-4 and PERUN as 
representatives of wide and narrow aperture systems. The conversion efficiency was measured and predicted theoretically 
for both the 2nd and 3rd harmonics. The performance of conventionally grown conversion DKDP crystals is compared with 
that grown by the accelerated and the directional method. Examples are given of physical target experiments using the 

converted beams. 

Keywords: Lasers, Frequency conversion, Harmonics, Non-linear optics 

1. INTRODUCTION 

Frequency conversion of high power infrared laser radiation (wavelength 1-1.3 um, diameter of the beam -50 cm, fluency 
several joules per square centimeter) into the visible or ultraviolet spectral region imposes specific requirements on the 
parameters of both the radiation and the converter. At present, a considerable experience exists of frequency conversion of 
Ndrglass solid state lasers and of the iodine photodissociation gas lasers.M 

A key problem of the frequency conversion development of wide aperture converters is the choice and manufacture of high 
quality non-linear medium and of phase synchronization type. Owing to the requirements of transparency, high optical 
breakdown threshold and necessity to grow large aperture crystals the only reasonable candidate up to now has been the 
crystal of KDP (DKDP). The most popular phase synchronization type used on the majority of present systems for the 2nd 

harmonic generation is the second type (oee) scheme and for the 3rd harmonics generation the favorite scheme is 
type II - type II. The same scheme of conversion in the 3rd harmonics suffered from certain difficulties on the system 
NOVA caused by a depolarization of the radiation. Even with a small proportion of depolarized radiation in the -74 cm 
beam the conversion efficiency approaches -50 % at the intensity 1.25 GWcm-2 falling rapidly with the rising intensity.5 As 
the next scheme on the NOVA and the new systems NIF and MEGAJOULE the type I - type II was chosen as less sensitive 
to the depolarization. 

Well known are the results of frequency conversion in the 2nd and 3rd harmonics on the iodine laser system ASTERTX.3 

DKDP crystals were used together with the second type synchronization. The conversion efficiency was better than 60 %. 

In the present report the results are presented of the frequency conversion of high power iodine lasers on the systems 
ISKRA-4 (Russia) and PERUN (Czech Republic). 

2. FREQUENCY DOUBLING AND TRIPLING 

The ISKRA-4 system is a large single channel iodine photodissociation laser having several amplifier stages. It consists of 
an oscillator, four intermediate amplifiers and two power amplifiers. The beam diameter at the output is 41 cm. The pulse 
energy is ~ 1 kJ, the length of the pulse is T05 = 0.3-0.5 ns with the beam divergence 0O8E - lxlO"4 rad.4 

The first experimental results of the conversion in the 2nd harmonics of the iodine laser radiation (X=1.315 um) on the 
ISKRA-4 system are presented in.6 With a 4 cm beam a technical conversion efficiency of 40 % was reached at the mean 
intensity 2 GWcm"2. Conventionally grown DKDP crystal were used (scheme oee) 1.5-2.5 cm thick. For the next 
experiments with iodine laser frequency conversion the DKDP crystals were used, which were grow by one of the two fast 
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growth methods, which were developed in the Institute of Applied Physics of the Russian Academy of Sciences in Nizhny 
Novgorod (IAP). 

The crystals of required dimensions and orientations are grown directly. The growth is taking place in a vessel, the 
dimensions of which correspond to the size of the crystal to be grown. The fast growth of the oriented crystal slabs is 
enforced by placing in the vessel a suitable seed. The growth then proceeds from a natural crystal face, which is either a 
face of the prism (101) or of the pyramid (101). 

Studies were done to compare the converter performances based on the conventionally grown crystals and the crystals 
grown by the technology of the fast and of the directional growth. For that purpose an ISKRA-4 beam with an improved 
spatial profile was used, with the conventional crystal element of dimensions 10x10x2 cm and an oblique element with the 
aperture 15x15 cm.6 The laser pulse, which had the length 0.2-0.3 ns and the divergence 1.2x10"" rad, was characterized by 
an inhomogeneity of radial intensity distribution AI/Imem — 0.1. Its diameter was 8 cm. It was linearly polarized. The 

measured conversion efficiency at the intensity 
3 GWcm"2 exceeded 80 %, see fig. 1. The experimental 
points belonging to the conventional and the oblique 
elements were lying on a single experimental curve. In 
the same figure computational curves are shown 
calculated for the beam divergence lxlO^rad and a 
varying deviation from the exact direction of phase 
synchronization. All calculation were done in the 
approximation of plane monochromatic waves. The 
results were integrated over the radial dependence, 
divergence angle and time. The time profile of the laser 
pulse was supposed to be a hyperbolic secans. The 
following absorption coefficients for various 
wavelenghts propagating inside the crystals were used 

,GW/cm2 

Figure 1.   2co conversion efficiency as a function 
of the average incident power density 

a,0 = 0.05 cm"1, 
a, =0.01 cm"1. 

a,„ = 0.03 cm"1 a,, = 0.005 cm"' 

In the first experiments with the conversion into the 3rd 

harmonics the efficiency did not exceed 40 %.16 Oblique 
DKDP crystals grown by the accelerated and directional 
method were used of deuterization degree 85 % and each 

was 1.7 cm thick. The used scheme was type II - type II. The beam diameter was 8 cm. The pulse energy was ~20 J with the 
time lengths 0.3-0.5 ns. The radiation was linearly polarized, its divergence was 3x10"" rad. The maximum efficiency was 
attained for 1.2 GWcm"2. 

On the system PERUN a conversion to the 2nd (0.657 urn) and 3rd harmonics (0.438 um) was successfully implemented.78 

One of the important features distinguishing the system PERUN from the other iodine lasers ASTERIX3 and ISKRA-44 is a 
long pumping time (270 us) long. As a consequence, owing to the long pumping pulse inhomogeneities of the refraction 
index of the amplifying medium develop. This is influencing both the energy distribution in the near zone and also the 
beam divergence is increased. The final amplifier A4 with the diameter 8.4 cm gives on its output -40 J, pulse length 
T05 = 0.3-0.5 ns and the divergence ©08E ~ 4x10"* rad. For the conversion to the 2nd harmonics a monocrystal DKDP of the 
fast growth was used with the deuterization degree 87 % and dimensions 10x10x2.4 cm. The converter element was cut for 
the oee scheme. The conversion efficiency to 2co of-60 % is attained, the energy of the red radiation >20 J. 

For the 3rd harmonics conversion there was using the scheme type II - type II (oee-eoe). A pair of DKDP crystals with the 
deuterization degree 84% and dimensions 10x10x1.5 cm and 10x10x1.6 cm were used as a doubler and mixer. The 
experimental points indicate the obtained conversion efficiency 60 %, pulse energy was 20 J. At the intensity «2 GWcm'2 

the dependence of conversion efficiency in the 3rd harmonics on the deviation from the exact phase synchronization angle of 
the second crystal was measured. The results are seen in fig. 2. The width of this curve at half magnitude is ~3 angular 
minutes. 
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For the frequency doubling on the ISKRA-4 system, since for the beam diameter -40 cm no crystals of comparable 
dimensions are available, crystal mosaic converter composed of four smaller elements 15x15x1.8 cm and 21x21x1.8 cm 
were applied. 

On the ISKRA-4 system with the converter mosaic with 
the technical conversion efficiency -50-55% the 
converted pulse energy was up to 600 J and the beam 
divergence ©08E~ 1.5x10^ rad, the power -3TW. The 
dependence of the conversion efficiency on the intensity 
is shown in fig. 3. 
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Figure 2. 3co conversion efficiency as a function 
of mixer matching angle 

3. EXPERIMENTS WITH THE CONVERTED 
BEAMS 

A number of target experiments was perfomed to 
investigate the laser-matter interaction using the 
converted radiation. These experiments were directed at 
laser light 2nd harmonics (A,=0.657 um) conversion in 
x-ray laser plasma emission on a plane gold targets with 
the focused heating radiation intensity 3xl013-1014Wcm" 
2, see.9 The laser light absorption efficiency in the plasma 
was -80%, conversion efficiency in x-ray reached 
-45 %, which is twice as high as if working with the 1st 

harmonics A,=1.315um. The energy of the soft x-ray 
radiation (hv~l keV) was -100 J, the length of the x-ray 
pulse was -1 ns. 

Similarly a series of compression experiments with the 
spherical target of high aspect ration As>300 was 
performed.10 Within that experimental series a record 
neutron output N = 6xl07 ever achieved on ISKRA-4 
using coated glass shell targets was recorded. 

Also experiments with turbulent mixing of thin layers of 
Al and Au using the layered plane targets illuminated by 
the 2nd and 3rd harmonics were done. The results of the 
first experiments devised to investigate the mixing of thin 
layers of Al and Au during the laser acceleration of flat 
three-layer targets of Si (5 um), Al (2 um), and Au (0.05- 
0.26 um) by radiation converted to the second harmonic 
from the ISKRA-4 laser with an intensity of 4xl013-7x 
10" W/cm2 (T05~1 ns), which acts on the Si side of the 
target.11 

On the system PERUN with a flexible arrangement of the 
beam conversion it was possible to test the idea of beam smoothing by applying a target illumination by a two-colour 
double pulse.12 Equally, the efficiency of highly charged ion production of heavy elements, such as needed for injectors into 
large ion accelerators, was examined by using converted higher harmonics beams.13 

4. CONCLUSIONS 

The successful transformation of powerful iodine lasers PERUN and ISKRA - 4 in the mode of operation on II and III 
harmonics is conducted by conversion of a laser radiation in large-aperture DKDP crystals of accelerated growth. A number 
of experimental investigations on interaction of converted radiation with matter were carried out. 
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ABSTRACT 

This work describes a conceptual design of a chemical oxygen-iodine laser (COIL) where diluent gas is continuously 
recirculated in a closed cycle. Scaling laws, component design, and expected performance are discussed. 

Keywords: COIL, iodine laser, vacuum pump, cryosorption 

1. INTRODUCTION 

In a chemical oxygen-iodine laser (COIL), chemically prepared, gaseous gain medium at 3-10 Torr pressure is drawn 
through the laser cavity by vacuum suction. Multiple-stage vacuum pumps such as Roots blowers or steam ejectors are 
typically used to receive and compress the gas flowing from the laser and exhaust it to the atmosphere. The size and weight 
of such vacuum pumps present a significant challenge to engineering a transportable COIL system needed for special 
industrial applications [1,2]. Our recent publication [3] describes two COIL systems that use a cryosorption vacuum pump 
to provide vacuum and safely contain laser exhaust gas: (1) COIL with N2 diluent where the cryosorption pump adsorbs all 
the cavity flow in real time, and (2) COTL where non-sorbable diluent (e.g., He or Ne) is circulated between COIL and the 
cryosorption pump in a closed-loop arrangement. The present work further elaborates on the closed gas cycle COIL, which 
offers the advantages of compact hardware, higher efficiency, continuous operation, and low consumption of refrigerant. 

2. CRYOSORPTION VACUUM PUMPS FOR COIL 

Sorption pumps function by the physical adsorption of gases at the surface of molecular sieves (zeolites) or other sorption 
material [4]. Such materials have an extraordinarily large specific surface area per unit of mass (-1000 m2/gram), which 
enables considerable gas adsorption capacity. Figure 1 shows that at the temperature of liquid nitrogen and 10 Torr partial 
pressure -19 grams of N2 or 02 can be adsorbed onto 100 grams of Linde 4A synthetic zeolite. Sorption capacity of zeolites 
is highly dependent on zeolite temperature and pressure of gas above the sorption surface. For example, at an equilibrium 
pressure of 10 Torr, changing the temperature from 293 to 77 K increases the capacity of zeolite Linde 4A to sorb N2 more 
than 200 times. The sorption capacity of zeolites is also highly dependent on the gas to be pumped. In general, light inert 
gases are hardly pumped at all. As seen in Figure 2, the capability of synthetic zeolite Linde 13X to pump He or Ne at a 
temperature of 78 K is several orders of magnitude lower than for N2. 
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A COIL using N2 or other diluent gas efficiently sorbed by zeolites permits easy integration with a cryosorption vacuum 
pump. An integrated system of this type is shown in Figure 3. During laser operation, decelerated flow from the diffuser is 
directed into the gas chiller/condenser where it is chilled to approximately 100 K and condensable vapors (Cl2, I2, and H20) 
are trapped onto condenser surfaces. Cold and dry gas containing only N2 and 02 flows from the gas chiller into the zeolite 
bed cooled to a temperature of ~80 K and is trapped by cryosorption. Operation of a large scale COIL with N2 diluent and 
cryosorption pump such as shown in Figure 3 was successfully tested at Boeing-Rocketdyne Propusion & Power in March 
1999 [7]. Design, operation, and scaling of this type of pump were previously described by us elsewhere [3,8]. 

Cl2 

N2 

Singlet 
Oxygen 

Generator 

Isolation Valves 

Heat Shield 

Figure 3: COIL with cryosorption pump [3] 

One challenge that this type of system must overcome is rejection of heat released in the pumping process, namely: (1) 
change in gas enthalpy as the gas is cooled to the sorption temperature and (2) release of the heat of sorption. For example, 
chilling of N2 from 300 to 77 K reduces its enthalpy by 13.3 kJ/mol and its sorption on zeolite releases on the average about 
13.1 kJ/mol [4]. The heat of adsorption is particularly problematic as it is deposited into the zeolite, causes it to warm-up, 
and reduces its sorption capacity. To maintain sorption capacity, removal of the adsorption heat may be handled in two 
distinct ways. In the first approach, the zeolite bed can be operated in an inertial (heat capacity) mode. Here, the amount of 
zeolite is increased to allow it to soak up the heat of adsorption with only a modest temperature rise and with some tolerable 
loss of sorption capacity. In the second approach, heat of adsorption is removed from the zeolite in real-time by using an 
imbedded heat exchanger [3]. However, low thermal conductivity of zeolites requires a large heat exchanger to sustain 
reasonable heat transfer rates. Thus, either approach leads to increased size and weight of the zeolite pump. 

3. CLOSED GAS CYCLE (CGC) COIL 

The limitations of the system in Figure 3 can be avoided if a non-sorbable diluent gas (such as He or Ne) is recirculated 
between COIL and a zeolite, and 02 is continuously removed from the flow. In such a system, shown in Figure 4, flow from 
COIL cavity is first made free of Cl2,12 and H20 vapors, and cooled to improve the volumetric efficiency of the compressor. 
Compressed mixture of 02 and diluent is cooled in a recuperative heat exchanger to about 200 K followed by chilling to -80 
K. Cold and dry gas is then directed into a separator where 02 is removed from the flow by adsorption onto zeolite. Heat 
released by adsorption of 02 is rejected into diluent flowing through the separator. Diluent, which is not significantly 
adsorbed onto zeolite is passed through the second branch of the recuperative heat exchanger where it is warmed to above 
250 K and returned back to the COIL. Excess diluent that cannot be used by COIL can be returned to the compressor inlet 
through a bypass line. 

Design of the 02 separator is very simple and effective. The separator contains a porous packed bed of zeolite granules, 
typically 1 mm in size, which are held in place by screens. As the mixture of diluent and 02 flows through the spaces 
between zeolite granules, 02 is adsorbed onto the zeolite and the granules are convectively cooled by the diluent. The bed 
may be layered (with gaps between layers) to provide a more uniform removal of 02 with only a small pressure loss across 
the oxygen separator. Since only 02 is adsorbed in this concept, the amount of zeolite can be quite modest. 
Correspondingly, heat released by absorption is also reduced. In addition, diluent flowing through the separator efficiently 
cooles the zeolite. Continuous operation of the laser in industrial environment could be realized with two separators where 
one unit is removing 02 from the flow while the other is being regenerated. 

The amount of diluent flowing through the separator must be sufficient to carry away the heat of adsorption while keeping 
the zeolite at a low temperature. Minimum molar ratio of diluent/02 (=91) that enters the separator and meets this criterion 
can be estimated as 91 = <Ha>/(cp AT), where <Ha> is the average heat of 02 sorption, cp is the specific heat of diluent gas 
and AT is the overall temperature rise in the diluent. This estimate ignores the thermal inertia of the separator and complex 
thermal and absorption processes in the zeolite bed [9].   Most of these processes occur in a narrow zone which gradually 
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travels downstream from the leading end of the bed. Since zeolite sorption capacity is a strong function temperature, one 
may conduct trades between 91, the amount of zeolite, and compressor size. Conventional COIL systems operate with total 
cavity exit flow having 91 between 3 and 8. To ensure proper cooling of zeolite, the CGC COIL should operate with 91 > 10 
at the separator inlet. Because operating COIL cavity at such high dilution ratio is undesirable, most of the diluent is 
returned to the compressor inlet on a by-pass line and may be used to operate an ejector to boost the inlet pressure. 

Sorption, ,n _ 
,„„„-^ i02Conc. zone   ■ ■  '■ 

Resonator 

Diluent+ O2 

Figure 4: Closed gas cycle COIL 

4. DILUENT AND COMPRESSOR 

The choice of diluent for the CGC-COIL is driven by operational considerations. Obvious candidates are the light noble 
gases: He and Ne. COIL with He diluent has obtained a chemical efficiency of -30% [10]. However, He is difficult to 
compress which, in CGC COIL, may limit its usefulness to subsonic systems. While no experimental data exists on using 
Ne diluent in COIL, its performance can be expected to fall somewhere between that of He and N2. We estimate a chemical 
efficiency of 28% for a supersonic COIL with Ne diluent. Compressing the Ne is comparable to that of air, which permits 
using a variety of commercially available blowers and compressors. A supersonic COIL requires a high a compressor with 
a high compression ratio rc = 6-12. This in combination with low suction pressure and high throughput requirements makes 
the choice of a compressor more difficult. Fortunately, required compression ratio can be greatly reduced if the high 
pressure diluent on the by-pass line is used to operate an ejector that boosts the compressor inlet gas pressure. For 
intermittent laser operation the compressor can be off-loaded by recirculating all the diluent flow on the by-pass line and 
shunting the booster. 

Adiabatic work done by the compressor scales as y/(Y -1) Ti 91 (l-rc 
(v ~m ), where y is the specific heat ratio of the gas 

mixture and T! is the inlet gas temperature. Clearly, reducing T, and rc are important to keeping the compressor power 
within reasonable limits. We have developed a computer model to analyze the performance of the CGC-COIL flow loop. 
The model includes the compression and booster processes, heat transfer, refrigeration, and pressure drops along the loop. 
Parametric studies using this model have revealed that as 91 was increased to improve cooling of the 02 separator, the 
adiabatic work done by the compressor remained relatively flat. This can be directly attributed to an improved performance 
of the booster, which receives incerased flow of high pressure diluent from the by-pass line. At higher 91, the booster 
significantly increases the compressor inlet pressure and reduces the required compression ratio. Such an effect becomes 
even more pronounced if another compressor is installed on the by-pass line. 

5. SYSTEM IMPLICATIONS 

We identified an attractive configuration of a supersonic CGC COIL with high 91 and moderate compressor requirements. 
Figure 5 shows typical temperature and pressure parameters in the compressor-separator section of this concept. The 
compressor inlet flow has been boosted from COIL exhaust pressure to 60 Torr and cooled to 160K to reduce the 
compressor load. Cooling for this is provided by cold GN2 boil-off from the chiller. Figure 6 compares this concept to the 
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system in Figure 3.   Note that CGC COIL uses 5 times less zeolite and about half of the refrigeration than COIL with N2 

diluent. However, this apparent advantage is at least in-part offset by its mechanical complexity and more intricate control. 

N2 

78K 

Diluent 

31 OK 
•*  

Zeolite Bed 
(02 Separator) 

4 to Halogen 
Separator 

80K 

78K 
--vW-H LN2 
Chiller 

180K 
Water 

Recuperative Heat Exchanger        ^ 

Compressor     Düuent+02 

Figure 5: Temperatures and heat flow in supersonic CGC COIL 

Parameter COIL with N2 Diluent (Figure 3) Supersonic CGC COIL (Figure 4) 

Chlorine flow fmol/sl 1 1 
Oxygen flow [mol/s] 0.95 0.95 
Diluent Nitrogen Neon 
Diluent & I2 Carrier Cavity Flow [mol/s] 4 43 

Dilution ratio at sorption pump (91) 4 15 
Compression ratio (rc) — 8 
Compressor power (mechanical) [kW]5 — 70 
Chemical Efficiency [%] 26 28 
Laser Power [kW] 23.7 25.5 
Amount of zeolite / kWh of laser power1 114 23 
LN2 consumption / kWh of laser power4 55 27 
Amount of Zeolite [kg]1 2,698 576 
LN2 Consumption (incl. Regen) [kg] '•24 1,306 252 

1for 1 hour operation @ 190g/kg max coverage; Excluding regeneration; Excluding bypass; 4assuming <Ha>=14 kJ/kg; sadiabatic effic. = 85% 

Figure 6: Comparison of parameters for COIL with various cryosorption pump systems 

6. CONCLUSION 

Principles of CGC CODL were presented and key considerations discussed. In CGC COIL, only the 02 working gas is 
sorbed which allows major reduction in size and weight of the cryosorption pump (i.e., 02 separator) and consumption of 
refrigerant. The 02 separator construction is very simple and allows highly efficient real-time cooling of the zeolite by 
diluent flowing through the bed. This permits the laser to operate continuously for long periods of time. Use of Ne diluent 
is also expected to provide higher chemical efficiency than N2 diluent. 
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ABSTRACT 

The most important part of chemical oxygen-iodine laser (COIL) is the singlet oxygen generator (SOG) that produces 
pumping energy source of the laser system. A new prototype high pressure SOG, which has possibility to overcome the 
problems existing several types of SOG have, was developed. This SOG, we call multi-guideplate SOG, is based on jet-type 
one. The jets of basic hydrogen peroxide (BHP) are spread and fixed on the surfaces of some guide plates attached to the 
nozzle plate. In this study, it was shown that multi-guide plate-SOG could produce higher 02 ( A) pressure and make the jet 
flow stabler than jet-type SOG in the high flow rate of the gas stream. 

Keywords: chemical oxygen-iodine laser, COIL, singlet oxygen generator, SOG, guide plate, BHP 

1.   INTRODUCTION 

Chemical oxygen-iodine laser (COIL) was demonstrated in 1978 for the first time1, and has been studied by many 
research institutes. COIL has many excellent characteristics, such as high power, high efficiency, good beam quality, and 
applicability of transmission through optical silica fiber. Hence COEL is expected for a next-generation industrial laser.2,3 

COIL operates for transition between excited level and ground state level of atomic iodine. The excited level of atomic 
iodine is produced by energy transfer from 02 ( A) 

/ + O2(
,A)-»/*+02(

3E) (l) 

/* ->/ + Äv(1.315//m) (2) 

02 (!A) is generated in the bulk of BHP by according reaction 

H202 + 2KOH + Cl2 -» 2H20 + 2KCI + 02 ('A.) (3) 
However 02 (*A) loses energy quickly in the liquid solution. The reaction proceeds only on the surface of BHP solution, 
therefore it is very important to make large surface area of BHP and to separate 02 ( A) from BHP smoothly. 

On the other hand, 02 ('A) released from BHP is quenched in the gas stream 

02C&) + 02CA)—*-*02(
3Z) + 02C2)       *, =5.7xl0"4r38exp(700/r)[c/n3/mo/-j]       (4) 

02CX) + H20—k-^>02CZ) + H20       k2=4.0xlOn [cm3/mols] (5) 
Since k2 is much faster than &j, these equations can be expressed as the following self-quenching equation 

o2e&)+oi(
i&)-±-+o2e&)+o2ez) (6) 

The equation shows that the deactivation of 02 ( A) in the gas stream increases fast with an increase in the gas pressure 
squared. Therefore, generated 02 (!A) should be transferred to the outlet of SOG as soon as possible. 

Although there are several types in SOG, jet-type SOG4,5,6 and rotating-disk-type SOG7 are vigorously studied today. 
Depending on the operating condition, jet-type SOG may suffer from break up of BHP-jets and from spraying. As a result, 
jet-type SOG is sometimes unstable, if it works long time. Rotating-disk-type SOG has great characteristics, such as the 
stability of operation and the rapid separation of singlet delta oxygen from basic hydrogen peroxide (BHP). But it has also 
several problems, for example, dilution of Cl2, lower speed of refreshing BHP, larger size of the device than jet-type SOG. 

Multi-guide plate SOG has possibility to get over the problems. This SOG is based on jet-type one. The difference is that 
some guide plates are attached to the jet nozzle plate. We can make BHP films very easily, because the jets of BHP become 
spread and fixed on the surfaces of guide plates. Cl2 flows through the narrow spaces between the guide plates. Hence the 
jets become stable and we can make large surface area of BHP. In addition, the multi-guideplate-SOG can realize rapid 
separation of singlet delta oxygen from BHP as easily as rotating-disk-type one, and can refresh exhausted BHP as fast as 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 87 
©2001 SPIE0277-786X/01/$15.00 



jet-type one. 

2.   EXPERIMENTAL SETUP 

The schematic diagram of the experimental 
setup is shown in Fig.l. It consists of reaction 
chamber, nozzle plate with guide plates, BHP 
solution reservoir, BHP solution tank, Cl2 

injector, cooling system and vacuum pump. 
The reaction chamber made of scleroid PVC 

resin has 70mm inside diameter, 80mm outside 
diameter, and the height of reaction zone of 
120mm. The BHP solution (15-20% H202 

and 25-35% KOH ) kept under -10 t by 
refrigerant of ethylene glycol is injected 
downward from the solution reservoir located 
at upper part of the chamber through the jet 
nozzle plate into the reaction chamber. The jet 
speed was ~2m/s. Cl2 flows transversely into 
the reaction chamber through many orifices of 
2mm diameter. The 02 ( A) concentration is 
monitored at the outlet of SOG by detecting 
the spontaneous emission (1270nm), using Ge 
photodiode with a narrow-band filter. The 
residual BHP solution is collected at the BHP 

I 
refrigerant | 
|anlL_ 

teat 
ttchaHi 

^gf 

^ 
nozzle plate pressure gauge 

BHP 

cnne 

cooling system circulating system of BHP 

Fig.l The schematic diagram of experimental setup 

tank and pumped to upper reservoir by circulating pump. 
Fig.2 shows the schematic diagram of the nozzle plate of jet-type SOG. The nozzle plate has 80 holes, and the diameter of 

the hole is 1mm. The schematic diagram of multi-guideplate SOG is shown in Fig.3. Three guide plates made of plastic 
(12cm height, 5.5cm width, 0.5cm thick, interval between guide plates-1.3cm) are attached to the nozzle plate which has 
also 80 orifices. The specific surface areas of multi-guideplate SOG and jet-type one are respectively 1.17cm'1 and 0.96cm"1. 
The specific surface area of multi-guideplate SOG is about 1.27 times larger than that of jet-type SOG. 
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Fig 2 nozzle plate of jet-type SOG Fig.3 nozzle plate with guide plates 
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3. RESULTS AND DISCUSSION 

In the tests, the multi-guideplate SOG was compared with a jet-type SOG. Fig.4 shows 02 ( A) pressure variation with 
the flow rate of Cl2 ■ It shows that multi-guideplate SOG generated higher 02( A) than jet-type SOG, and the result was 
beyond our expectation. It was about 20% higher than our prediction. The reason is considered as follows. Because the gas 
flows through the narrow space partitioned by the guide plates in multi-guideplate SOG, Reynolds number gets larger and 
laminar flow is generated. As a result the gas flow becomes very smooth. Rapid separation of02( A) from BHP solution 
and quick transfer of 02 ( A) are realized, which reduce 
deactivation of singlet delta oxygen. 
02 (*A) pressure vs time characteristics of the jet-type 

SOG and the multi-guideplate SOG are shown 
respectively in Fig.5 and Fig.6. These are typical results 
of the tests in our system. In the high flow rate of Cl2, 
the difference is obvious. While the jet-type SOG didn't 
work stably, the operation of multi-guideplate one was 
very stable. The each average of square is respectively 
0.59 and 0.39. This is because the laminar gas flow fixed 
the jets of BHP solution to the guide plates. These results 
show that the multi-guideplate SOG succeeded in making 
stable BHP film 

At the last,  we describe chlorine utilization and 
02 ( A) yield that are very important parameters of SOG. 
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These parameters were estimated by calculation, for we have no system to measure residual Cl2 . We 
calculated Cl2 utilization and 02 ( A) yield of the multii-guideplate SOG by using one-dimensional code8,910. The results of 
calculation were -70% C72 utilization, -65 % 02 ( A) yield . Though there are uncertain elements, estimated value is not 
enough high for a high pressure SOG. In the multi-guideplate SOG the interval between guide plates isn't enough short, so 
Cl2 does not react effectively. Hence the specific surface area should be larger or buffer gas to dilute chlorine gas might be 
required. 

4.CONCLUSION 

A new prototype SOG-multi-guideplate SOG-was developed. Although it has very simple structure, it could make the 
film of BHP solution very easily. The specific surface area was 1.17cm"1, which was 1.27 times larger than our jet-type 
SOG. In the typical condition, multi-guideplate SOG generated about 1.52 times higher pressure of 02 ( A) than jet-type 
one. In the high flow rate of Cl2 multi-guideplate SOG operated more stably than jet-type one. These results, we consider, 
were because the laminar gas flow realized rapid separation of 02 ( A) from BHP solution, quick transfer of 02 ( A) ,and 
fixation of jets of BHP. Consequently the deactivation of generated 02 ( A) decreased and stability of operation was 
improved. Cl2 utilization and 02( A) yield of the multii-guideplate SOG were respectively -70% and -65%, which were 
calculated by using one-dimensional code. 
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ABSTRACT 

New type mist singlet oxygen generator (Mist-SOG) for the chemical oxygen-iodine laser (COIL) has been 
developed. This SOG is devoted to make the liquid recirculation unnecessary with the complete reaction through 
a single pass of basic hydrogen peroxide (BHP). 75% of Cl2 utilization and 76% of 02(

1A) yield were obtained 
with Cl2 molar flow rate of 3.0 mmol/s. H202 utilization in the BHP was achieved as high as 12.3%. This value is 
about 24 times larger than that obtained by the liquid-jet SOG. 

Keywords: mist, singlet oxygen generator, SOG, chemical oxygen-iodine laser, COIL 

1.   INTRODUCTION 

Chemical Oxygen-Iodine Laser (COIL), which is capable of producing a high power and good quality beam, is 
expected to be utilized as a new laser source for industrial applications. Developments of the industrial COIL have 
been vigorously carried out in Tokai University group in the past several years. 

In the COIL, the lasing process is described by the following chemical reactions: 
Singlet oxygen 02(

!A) generation 
H202 + 2KOH + Cl2 -» 02(

JA) + 2KC1 + H20 (1) 
Iodine injection and dissociation 

n 02(
!A) + I2 -» n Oi + 21 (2) 

Energy transfer 
02(

JA) + I -» 02 + I* (3) 
Stimulated emission 

I* + hv -* I + 2hv (4) 
The COIL oscillates from excited iodine atoms pumped through a near-resonant energy transfer process with 

chemically generated singlet oxygen as mentioned above. So, one of the key issues to achieve efficient operation in 
the COIL depends on the characteristics of the singlet oxygen generator (SOG) device. Singlet oxygen acting as an 
energy donor of the COIL is commonly generated via reactions with basic hydrogen peroxide (BHP) and Cl2 in the 
SOG. However, recirculation device is necessary for the efficient use of the stored energy in BHP, since the H202 
utilization/pass is limited less than 1% in the liquid-jet SOGs that are commonly used for industrial COIL prototypes.2 

And a reduction of the dimensions and weight of the COIL device is required for a practical COIL system, in 
particular, for a mobile system such as field applications. 

In order to improve the H202 utilization and to get rid of the recirculation system of the BHP, a new type SOG, 
Mist-SOG has been developed. This paper describes the first successful operation of this Mist-SOG, which will be 
beneficial for compact industrial COILs. 
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2.    EXPERIMENTAL SETUP 

A schematic drawing of the experimental setup of the Mist-SOG system is shown in Fig. 1. A reaction chamber is 
made of lucite vessel having an inner diameter and a height, 40 mm and 120 mm, respectively. BHP is made from one 
volume part of 45% wt. H2O2 and one volume part of 48% wt. KOH. BHP is prepared in a stainless-steel mixing tank, 
and the temperature is kept at 253 K. The Mist-SOG system is made of two conical nozzles vertically countered each 
faces to separate BHP from C^1 A) by the inertial force as shown in Photo 1. The pressurized liquid BHP is atomized 
to the mist by the hollow cone spray nozzle (IKEUCHI KB-22) whose cone angle is 60 degrees and sprayed from the 
upper part to downward. And CI2 flows upward from the lower part in the reaction chamber. Since this specific nozzle 
produces quite uniform droplets (65 ± lOum), that ensures the complete separation of BHP from the gas flow. 
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Fig.l: Experimental setup Photo 1: Mist-SOG system 

The total pressure is measured by the capacitance manometer (KMS BARATRON 122A), and the excited oxygen 
concentration is monitored by detecting the spontaneous emission (1.27 urn) by the Ge photodiode with narrow-band 

■a 

interference filter. The CI2 flow rate is controlled and monitored by a digital mass flow controller (Aera FC-782). The 
unreacted Cl2 concentration is measured by the absorptiometry method by using a He-Cd laser (A,=325nm). To obtain 
the CI2 utilization and the O^'A) yield, it is necessary to know the partial pressure of oxygen. It is calculated by 
subtracting the Cl2 and water vapor partial pressures from the total pressure, the latter is deduced with the 
measurement of the BHP temperature in the catch tank, assuming the saturation condition. All measured values are 
collected by a data logger, and displayed on a PC. 

3.    RESULTS AND DISCUSSIONS 

Fig.2(a) shows the time history of total pressure and singlet oxygen partial pressure measured with the method 
mentioned above. In this experiment, Cl2 gas molar flow rate was varied from 1.0 to 10.0 mmol/s under constant BHP 
flow rate of 2.4 ml/s at a nozzle pressure of 8.0 atm. While total pressure increased as Cl2 molar flow did, singlet 
oxygen partial pressure did not so. Fig.2(b) shows the time history of Cl2 utilization and 02(

1A) yield. The Cl2 

utilization has the tendency of decreasing with increasing the CI2 molar flow rate. However, the O^'A) yield seems to 
have the maximum value in this operation. 

From these experimental results, the Cl2 utilization, the 02('A) yield and the H202 utilization are shown in Fig.3 as a 
function of the Cl2 molar flow rate. 
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Fig.2(a): Time history of total pressure and singlet oxygen pressure 
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H2O2 utilization is defined by the following equation: 

H2O2 utilization [%] = 
H2O2 reaction rate [mmol/s] 

H2O2 flow rate [mmol/s] 
xlOO (5) 

In this figure, the 02('A) yield has the maximum value at 4 mmol/s of the Cl2 molar flow rate. It seems to be weird 
that the O^A) yield is lower at the Cl2 flow of 1 mmol/s. We believe that is due to the inaccuracy of the 02 partial 
pressure estimation, especially in the low Cl2 flow region. On the other hand, the Cl2 utilization monotonically 
decreases with increasing the Cl2 molar flow rate. The optimum operation of the SOG can be achieved at the Cl2 molar 
flow rate of 3 mmol/s taking account a balance between the Cl2 utilization and the 02('A) yield. At this value of the 
Cl2 molar flow rate, the H202 utilization in the BHP was achieved as high as 12.3%. 
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4. CONCLUSIONS 

The maximum value of 75% for Cl2 utilization and 76% for 02('A) yield were obtained at Cl2 molar flow rate of 
3.0 mmol/s. The H202 utilization in the BHP was achieved as high as 12.3%. This value is about 24 times larger than 
that obtained in the liquid-jet SOG.2 These results show the prospect of the Mist-SOG for the COIL without BHP 
recirculation. 

In this study, however, the Cl2 utilization is less than that of Jet-SOG. Specific surface area might be small because 
of a large diameter of the mist. Thus, short contact time in gas-liquid phase results in inefficient reaction. 

In this experiment, the water vapor pressure was deduced by the saturation pressure of the BHP catch tank to obtain 
the Cl2 utilization and the 02('A) yield, that resulted in the uncertainty of the oxygen partial pressure. We are preparing 
the measurement system of the water vapor pressure for more precise characterization. 
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Study of Chemical Oxygen Iodine Laser for high power utilizing RF 
discharge dissociation of I2 

Shinji Ide, Tsuyoshi Wakazono, Takahiro Takemoto, and Taro Uchiyama, 

1. ABSTRACT 

We suggest pre-dissociation iodine molecule utilizing RF-discharge (Radio Frequency discharge) dissociation of I2 for 
chemical oxygen iodine laser (COIL). The object of the study is to make clear that RF discharge is effective on our 
experiment. We focus chemical reaction of COIL itself, and especially consider a scheme of dissociation of I2. So following 
chemical reaction is a process of dissociate iodine molecule into iodine atom by 02(' A). 

Ia+nOzC'A)-^ 21+ n02(
32)  n=4~6 (1) 

This chemical reaction indicates that to dissociate iodine molecule into iodine atom needs a lot of 02(* A ). In our 
experiments we could prove that RF was effective in this term. Approximately 60% of iodine molecular, which is 
dissociated by RF discharge, is carried to laser cavity. It is estimated that the other 40% of iodine atom is recombination in 
our COIL system. As the results, we can obtain higher power, higher gain by using RF discharge dissociation than normal 
COIL. 

Key words: COIL, chemical laser, oxygen, iodine, radio frequency, RF discharge, dissociation 

2. INTRODUCTION 

Iodine molecule is dissociated by only singlet delta oxygen in a chemical reaction of COIL until now. New type of 
COIL[1), which is utilizing RF-discharge dissociation of I2, was suggested at Uchiyama Lab, 1996, for the first time in the 
world. Shimizu report, 1996,at Uchiyama Lab, reported that Output power of RF-COIL recorded 4-5 times higher power 
than that of normal COIL. This result was far much higher power than estimated calculation results. Loss in a resonator , 
existing of water vapor, an amount of 02(* A), operating time of COBL caused a different measurement output power of 
COIL. Especially, electromagnetic wave that was generated by RF-discharge affected the measuring devices. The object of 
the study is to make clear that RF discharge is effective for chemical oxygen iodine laser (COIL) at the condition of 
eliminating a bad influence of some electromagnetic wave. Recent study often reports the highest record of chemical 
efficiency at COIL. In general the generation of excited oxygen is recorded 50~60%, but the chemical efficiency is 
achieved only around 20~25%.If the loss exists only on a experimental setup or physical factor, the chemical efficiency 
comes up to the near value of generated excited oxygen. But it doesn't come true. The reasons exist in a loss of mirror, a 
process in a dissociation of I2, excitation, quenching, and so on. So we suggest pre-dissociation iodine molecule utilizing 
RF-discharge dissociation of I2 for chemical oxygen iodine laser in order to use 02(' A ) more efficiently, and prove that RF 
discharge is effective at COIL. 

2 ■ 1 Characteristics of COIL 
COIL is a potentially high power laser, which is applied for industry and other practical use. The characteristic of COIL is 

to operate using only the chemical reaction and a good character of transferring optical fiber because the wavelength of 
COIL is a range of the lowest loss. COIL is operated utilizing the energy of 02(' A) which is produced from chemical 
reaction with CI2 gas and basic-H202. The excited iodine atom is produced by the energy transfer reaction between the 
excited molecular O2C A) and iodine atom. Then COIL is lasing by the energy transition between the excited level and the 
ground state level of iodine 

2*2 Basic chemical reaction scheme in general COIL Operation 
COIL operates for transition between the exited level and the ground state of atomic iodine. Following reaction equation 

is last step of chemical reaction of COIL. 
KPia)-» KP3/2)-»-1-315um (2) 

The exited level of atomic iodine is produced by energy transfer from singlet states of molecular oxygen, 02^ A). 
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02('A) + I(P3/2)^ 02(
3E) + I(P1/2) 

02(' A) is produced by chemical reaction between basic hydrogen peroxide solution and chlorine gas. 
H202+2K0H+C12 -». 02(' A) +2H20+2KC1 

In normal COIL, 02(' A) is also utilizing to dissociate molecular iodine. 
I2+n02('A)— 2I+n02(

3S)   n=4~6 
Eq(5) shows much energy is needed to dissociate molecular iodine. 

(3) 

(4) 

(5) 

2*3 Merit of utilizing RF-discharge 
The number of 02(' A) ,n, is very important parameter which affects the output power. While excess existence of I2 in the 
reaction zone results in reducing the inversion density of iodine by quenching the exited substance. Atomic iodine is 
recombined by collision with molecular iodine as follow reaction. 

2I+I2^2I2 (6) 
The excited state of atomic iodine is dropped to the ground state. 

I*+I2^I + I2 (7) 

As a results, to dissociate I2 need much more 02(' A) through these quenching reaction as Eq(5). In this study we suggest a 
new type of COIL named "RF-COIL" utilizing a radio frequency discharge to dissociate I2 in stead of 02(' A). The 
dissociation reaction is modified following reaction. 

I2 + h v —* 21 (8) 
The advantage of RF-discharge for setup is that electrical rods and other optical parts are not damaged because RF can 
easily discharge not to contact to iodine. It is necessary to increase the gain of COIL because of achieving high efficiency 
and high power. Through this improvement, it is possible to get high density of iodine atom and we can use much of 02(' 
A) for exciting iodine atoms instead of dissociating I2. 

3. EXPERIMEMTAL SETUP 

3.1 General transonic COIL system 
Fig.l shows the experimental setup. The COIL apparatus consists 

of solution tank, singlet delta oxygen generator (SOG), water vapor 
trap, laser cavity and RF discharge equipment. To product initial 
solution basic-H202(basic hydrogen peroxide H202), 35% H202 and 
50% KOH are mixed in the ratio of 10:1 in the solution tank. Then 
evaporating cooling function by 30001/min vacuum pump cools the 
solution about -5^. The BHP solution is transferred to SOG. In the 
SOG, 02( A ) is generated by passing Cl2 gas through liquid 
mixture. Babbler type of SOG is used in order to obtain the stable 
02(' A ) yield constantly. The 02(' A) generated in the SOG is 
carried to laser cavity through water vapor trap to remove water 
vapor which quench I* in the resonator. And then the gas is mixed 
with I2 from iodine injector. The laser body is made from Lucite. Its 
flow duct has 3cm in height and 37cm in width and connects to 
vacuum pump with capacity of 15000L/min. Iodine injector is made 
of 8mm in diameter, 30cm long stainless tube perforated 0.5mm 
holes leaving 3mm spaces. 

3.2 RF-discharge system 
Fig.2 shows the setup of RF-discharge system. To dissociate iodine 
molecule, RF-discharge power supply machine that generates 
electromagnetic wave in a radio frequency is settled. The RF 
discharge machine supplies 50.3Mhz at 50W —200W power, and 
operates the reflecting volume to maintain discharging. RF discharge 
machine supplies iodine molecules with electrical energy, and 
dissociated iodine molecules into iodine atoms. 

To Vacum pump 
15000[l/min] 

Fig. 1 Schematic diagram of the COIL apparatus 
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3.2.1 RF-power-supply machine 
RF-power-supply (PEARL corporation) consists of matching box 

and main power supply machine. The main machine can control 
both input power and reflect power with the controllers, in addition 
to control frequency from 100[kHz] to 99.9[MHz]. We adjust 
reflect power around 10% in order to stabilize an electric discharge 
on our experiment. 

3.2.2 Electrode and electrical rod 
Electrical rod is made of Pyrex glass, 120[mm] of length 15[mm] 
of diameter. An electrode, which shapes semicircle, is arranged 
around electrical rod. It is made of aluminum, 2[mm] thick, 50[mm] 
lengths and 16[mm] radius of curve. 

h cell    Elestromagnetic wave shield 

Cavity 

Dishcharge tube 

RF Discharge 
Fig.2 RF-discharge system 

4.    RESULT and DISCUSSION 

4.1 Iodine molecule dissociation rate 
Dissociation of iodine molecule is measured by using the 

absorption of I2. To estimate dissociation rate, a green He-Ne 
laser (wavelength: 543.5nm) is used since I2 has a strong 
absorption of light whose wavelength is about 500nm. 
Approximately 60% of iodine molecular, which is dissociated 
by RF discharge in our laboratory, is carried to laser cavity. It 
is estimated that the other 40% of iodine atom is recombination 
in this COIL system. Recombination reaction is so complicated 
that recombination scheme is not exactly appeared. 

4.2 Laser power measurement 
The dependence of the output power on Cl2 flow rate is 

shown in Fig.3. Power enhancement could be recognized every 
Cl2 flow rate. The output power of RF-COIL (60W discharge) 
was attained 10% higher than that of normal COIL at 
600[mmol/min] Cl2 flow rate. It conducts that RF discharge 
could promote the power enhancement. But in our COIL 
apparatus output power is smaller generally reported papers. 
As a result, our apparatus achieves power enhancement in the 
case of using RF-discharge, but this case means efficiency of a 
low 02(' A ) pressure. Recent results of reports are the case of 
high pressure. It is significant to work at high pressure, for 
example supersonic COIL.131 

Chemical efficiency shown at Fig.l indicates that using RF- 
discharge is efficient to increase chemical efficiency at this 
apparatus. Chemical efficiency is related to output power, it can 
be said about the same consideration. We try to work the case 
of high power, high efficiency next time. 

43 Small signal gain measurement 
Fig.4 shows the experimental result of the measurement of 
small signal gain. RF-COIL gain is superior to normal-COIL 
gain as Cl2. flow rate increasing. When Cl2 flow rate is low, 
though it means 02(' A ) flow is low, the difference between 
RF-COIL gain and COIL gain is wide. We can consider two 
reasons. The reason is that 02(' A ) is used for exiting iodine 

-•-RFCOIL Power 
-*— Power 

-o— RPCOIL Chemical efficiency 
--B-- Chemical efficiency 

O 
tr 
a 
3 
o 
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Cl2 flow [mmol/min] 
Fig.3 Output power and Chemical efficiency 

300 350 400 450 500 550 »00 150 700 

Cl2 flow [mmol/min] 

Fig.4 Small signal gain measurement 
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atoms instead of dissociating I2 compared with normal COIL. If 
we use RF-discharge, we can obtain higher gain at a low Cl2. 
flow rate and high gain stability even if Cl2. flow rate change. 

4.4 Dependence of gain as a function of RF-discharge power 
Small signal gain as a function of RF-discharge power is shown 

in Fig.5. Though RF-discharge power has changed through 
95[w]—155[w], gain doesn't change drastically. The more a 
power is supplied, the higher the small signal gain increases. We 
can consider that only low power of RF-discharge can dissociate 
iodine molecule enough. As a result, inversion of excited iodine 
atom, built up. 

25.0 

20.0 

c 

a 

15.0 

10.0 

0.0 

Cl2 flow [mmol/min] 
A Cl2 flow 320 
D Ch flow 450 
O CI2 flow 580 

90 100 110 120 130 140 150 160 

RF-discharge power supply [W] 

Fig.5 Dependence of gain as a function of RF- 
discharge power 

5.CONCLUSION 

On the term of this experiments, the output power of RF-COIL was attained 37.5 W and chemical efficiency was 3.6% while 
34.0W, 3.3% in normal COIL at chlorine flow rate 600mmol/min. The maximum enhancement of power output power is 
10% at chlorine flow rate 600mmol/min. The small signal gain of this apparatus is achieved at 25[%/m] at RF-COIL. The 
maximum enhancement of gain is 21% at chlorine flow rate 330mmol/min. On our experimental apparatus, Iodine molecule 
is dissociated 60% into iodine atom. These results mean that utilizing the RF discharge dissociation of I2 was useful to get 
high power, and high gain. 
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Numerical Simulation of Throat-mixing System for 
Supersonic Flow Chemical Oxygen-Iodine Laser 

Masataro Suzuki', Takanori Suzuki, and Wataru Masuda 

Nagaoka University of Technology, 1603-1 Kamitomioka, Nagaoka, Niigata 940-2188 JAPAN 

ABSTRACT 

Throat-mixing systems for the supersonic flow chemical oxygen-iodine laser (SCOIL) are proposed and assessed in the 
present study. Three-dimensional, numerical simulation solving compressible gas dynamics together with chemical kinetics 
has been made for investigating the characteristics of the mixing condition and chemical reactions. The compressible 
Navier-Stokes equations and a chemical kinetic model encompassing 21 chemical reactions and 10 chemical species are 
solved by means of full-implicit finite difference method. Two types of nozzles, a Laval nozzle and cylinder nozzle are 
adopted. The results show satisfactorily high values of the small signal gain coefficient (SSG). The SSG value increases 
along the flow in the nozzle in relatively short distance of x, reaches to the maximum at the position of 25 ~ 47 mm distant 
from the throat, and decreases slightly downstream the flow. The proposed throat-mixing system shows higher efficiency 
than the supersonic parallel-mixing system. The Laval nozzle is found to give the peak SSG value of 40 % higher than that 
of the parallel-mixing system. It is also noted that the cylinder nozzle has superior ability than the parallel-mixing system, in 
spite of its exceedingly simple structure. 

Keywords: Supersonic How, Chemical Laser, Throat Mixing, Oxygen, Iodine, Numerical Simulation 

1. INTRODUCTION 

The supersonic flow chemical oxygen-iodine laser (SCOIL) has been investigated in order to increase the efficiency and 
power of the COIL by gas cooling through supersonic expansion. The COIL basically works on the energy transfer from the 
excited oxygen molecule to the iodine atom and the light emission from the excited iodine atom. Those reactions can be 
expressed as follows: 

02 ('A) +1 (2P3/2) -4 02 (^ +1 (2Pl/2), (1) 

K2Pi/2)^I(2P3/2) + Av, (2) 

where O2 (*A), 02 (
3£), I (2P3/2), and I (2Pi/z) are the oxygen molecule in the excited state, that in the ground state, the iodine 

atom in the ground state, and that in the excited state, respectively. In reality the reactions shown above consist of numerous 
elementary reactions, which includes I (2Pi/2> consumption without contributing to the emission of laser light. It has been 
found that the balance of the rates of gas mixing and chemical reactions is of significant importance for the performance of 
the laser. If the iodine gas is injected into the gas flow of 02 (*A) at subsonic region upstream the throat of the expansion 
nozzle, mixing and chemical reactions may occur too quickly so that the gas in the resonating region no longer contains 
sufficient amount of I ^Pi«). On the other hand, if the iodine gas is introduced in the supersonic flow region downstream the 
nozzle, the mixing rate of the reacting gas species would be slow since the flow becomes laminar, and dominates the 
reaction (1), accordingly. 

In the previous study, a parallel-mixing system, in which iodine gas is introduced in the supersonic flow region, was found 
to give good performance if ramp nozzle arrays are adopted and strong vortices are given in the flow. However, this system 
needs complex nozzle arrays. In the practical point of view, simple nozzle is desirable. A throat-mixing system, a system in 
which the iodine gas is introduced into the 02 ('A) flow at the throat of the expansion nozzle, is expected to give good 
performance for both the mixing condition and the simple nozzle-shape. Thus, in this study, throat-mixing systems for the 
SCOIL are examined adopting two types of nozzles, a Laval nozzle and simple cylinder nozzle. 

* Correspondence: Email: szk@nagaokaut.ac.jp; Telephone: +81 (258) 47-9738; Fax: +81 (258) 47-9770 
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2. NUMERICAL MODEL 

In order to investigate the characteristics of the mixing condition and chemical reactions in the throat-mixing and 
parallel-mixing systems, three-dimensional, compressible Navier-Stokes equations and a chemical kinetic model are solved 
by means of full-implicit finite difference method. 

The chemical kinetic model encompassing 21 chemical reactions and 10 chemical species are shown in Table 1. Since the 
chemical model is revised after the publication of the previous paper, the calculation for the ramp nozzle is done again in 
this work. However, there is insignificant change in the results. 

Figure 1 shows the nozzle geometries and the calculating domains for parallel-mixing and throat-mixing systems. The 
geometry and boundary condition of the ramp nozzle in the parallel mixing system, shown in Fig. 1 (a), is same to those 
adopted in the previous work. The Laval and cylinder nozzles are shown in Fig. 1 (b) and (c), respectively. Both of the 
nozzles are lined along the throat with iodine-injecting orifices of 0.5 mm in diameter. The gas mixture of 0.010 molar 
fraction of I2 and 0.99 of He at 370 torr in pressure and 400 K in temperature is injected perpendicular into the main gas 
flow. The gas, provided at the plenum of the main flow, is at 100 torr in pressure and 273 K in temperature, and assumed to 
consist of 02 ('S), 02 ('A), 02 (3S), H20, Cl2, and He, the molar fraction of those are 2.1 x 10"5,0.075,0.075, 0.010, 0.020, 
and 0.820, respectively. In order to save computing time, symmetric conditions are applied. 

3. RESULTS AND DISCUSSION 

3.1. Mixing of the Flow 

Figure 2 shows the streamlines of the gas flow. As it is seen in Fig. 2 (a), the gas flow in the parallel-mixing system has a 
strong vortex along the streamline passing beneath the rim of the ramp nozzle. It would be no doubt that the zigzag structure 
of the ramp nozzle causes rotating motion in the flow in the boundary layer between the two gas flows. The vortex 
significantly grows in the region of 0 < x < 70 mm, although its extent spreads insignificant downstream the flow in 
x > 70 mm. Since the vortex does not spread over the whole extent of the flow region, a certain amount of the two gasses is 
supposed to flow away unmixed. 

Table 1. Chemical kinetic model. 
On the other hand, the gas flow of the iodine 
mixture injected from the orifice at the throat 
spreads widely in the flow field in the case 
of the throat mixing system obeying the 
Laval nozzle, as it is shown in Fig. 2 (b). It is 
observed that the gas flow injected from the 
orifice is stretched widely in y-direction, the 
direction of the injection. It should be noted 
that the y-z plane, normal plane to the 
direction of the main flow, has notably thin 
area of 0.75 mm x 7.5 mm. The injected gas 
spreads mainly in the expanding region of 
the Laval nozzle. It is suggested from this 
expanding behavior that the friction between 
two perpendicular flows causes a vortex near 
the center of the calculating y-z plane at the 
throat. Since the injecting orifice of 0.25 mm 
in radius is centered at z = 0, the center of 
the vortex is assumed at z = 0.25 mm. 
Though the cylinder nozzle causes similar 
flow behavior as shown in Fig. 2 (c), the 
extent area of the vortex seem to be smaller 

No. Reaction Rate coefficient kf (m
3/kmol s) 

1 02(
,A)+02('A) -4 02('£) + 02(

3Z) 1.62x10" 
2 02('S)+ H20     -> O^)  +H20 4.03 x 109 

3 0,('A)+02(
3
Z)-> 02(

3Z) + 02(
3Z) 9.63 x 102 

4 02('A)+H20     -> O^3!) +H20 2.41 x 103 

5 02('A)+C12       -> 02(
3S) +C12 3.61 x 103 

6 02('A)+ He       -> O^E) +He 4.82x10° 
7 I,('Z) + 02(

,£) -* 2I(2P3/2)+ 02(
3£) 2.41 x 109 

8 I,('Z) + 02('Z) -> I2('Z)    +02('A) 9.63 x 109 

9 I,('Z) + 02('A) -» I2*        + 02(
3X) 4.21 x 106 

10 I,('I) + I(2P,/2)^ 12*            +K2P3/2) 2.28 x 1010 

11 I2*      +02('A)-> 2I(2P3,2)+02(
3Z) 1.81 xlO" 

12 h*     + 02(
3£) -4 I2('£)    +02(

3E) 3.01 x 10'° 
13 I2*      + H20    -> i/X)   + H2O 1.81 xlO" 
14 I2*      + He       -> I2('E)    + He 1.92 xlO10 

15 I(2P,/2)+02('A)-> K2P,/2) +02(
3S) 1.40 x iol3;rl 

16 I(2P,/2)+ 02(
3Z) -4 I(2PM) +02('A) 1.87 x 10137" 1exp(-401.4 7""1) 

17 I(2P„2)+02('A)^ l&m) +02(
3S) 6.02 x I05 

18 K2Pi/2)+ 02('A) -4 K2P3/2) +02('£) 6.60 xlO7 

19 K2P,/2)+ 02('A) -> I(2P3/2) +02(
3S) 3.00 xlO7 

20 I(2P„2)+ I(2P3/2) -4 I(2P3/2) +I(2P3/2) 9.63 x 106 

21 I(2P1/2)+ H20     -> I(2P3/2) +H20 1.20x10" 
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Figure 1. The nozzle geometries and the calculating domains. 

than that in the case of Laval nozzle. Since the 
cylinder nozzle has short path length for the 
supersonic expansion, only 4.3 mm, in contrast to 
the Laval nozzle of 20 mm, it is plausible that the 
vortex expands narrower area than that of Laval 
nozzle. 

3.2. Small Signal Gain (SSG) 

Small signal gain (SSG), G, is regarded as an index 
of the efficiency of the laser. Higher density of I 
(2Pi/2> and lower density of I (2V3/2) gives higher 
value of G. Since the computation is done for 
three-dimensional flow field, SSG is distributed in 
the y-z plane. Thus, average of SSG in the y-z plane, 
G , is calculated as follows: 

G(x)=—$Gdydz, (3) 

where A is the area of the flow region on the y-z 
plane at the location of x. 

Figure 3 shows the distribution of G along the x 

direction. The values of G for both of the Laval 
and cylinder nozzles increase in relatively short 
distance of x, reach to the maximum at x = 47 mm 
for the Laval nozzle and x = 25 mm for the cylinder 
nozzle, and decreases slightly downstream the flow. 
Comparing with them, the SSG value for the ramp 
nozzle in the parallel-mixing system increases at a 
slower speed, and reach to the lower peak of 
0.5 m"1. It is interesting to note that the strong 
vortex, as shown in Fig. 2 (a), does not always give 
high efficiency of the laser power. 

It is seen that all SSG data trace uneven lines on the 
graph. Since the unevenness seemed to be of 
periodic, it is inferred that static waves are 
established in the flow region. 

It is obviously seen that the throat mixing system of 
the Laval nozzle gives the highest G , the peak 
value of which is 0.72 m*' at x = 47 mm. This peak 
value is 40 % higher than that of ramp nozzle 
adopted in the parallel mixing system. Though the 
efficiency of the cylinder nozzle is less than the 
Laval nozzle, it still has superior ability than the 
parallel-mixing system. Since this nozzle has great 
advantage in its exceedingly simple structure, it is 
one of the most promising systems in a practical 
use. 
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4. CONCLUSIONS 

Throat-mixing systems for the supersonic flow 
chemical oxygen-iodine laser (SCOIL) are 
investigated by computing three-dimensional, 
numerical simulation. In the case of the 
throat-mixing system, the gas flow of the iodine 
mixture injected from the orifice at the throat 
spreads widely in the flow compared to the 
parallel-mixing system. The gas flow injected from 
the orifice is stretched widely in ^-direction in the 
thin flowing area. The friction between two 
perpendicular flows is supposed to cause a vortex 
near the center of the calculating y-z plane at the 
throat. 

The SSG values for the throat-mixing system 
increase in shorter distance of x compared to that of 
parallel mixing system. The Laval nozzle gives the 
highest SSG value, the peak value of which is 
0.72 m"1 at x = 47 mm. This peak value is 40 % 
higher than that of ramp nozzle adopted in the 
parallel mixing system. It is also noted that the 
cylinder nozzle has superior ability than the 
parallel-mixing system. Since this nozzle has great 
advantage in its exceedingly simple structure, it is 
one of the most promising systems in a practical use. 
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Modeling of chemical generation of atomic iodine 
for chemical oxygen-iodine laser 
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ABSTRACT 

A purely chemical method was suggested for generation of atomic iodine from gaseous reactants for the use in a COIL. In 
this method, fluorine or chlorine atoms are produced and subsequently react with hydrogen iodide forming atomic iodine. 
Both reaction systems were modeled for different reaction conditions. A yield of atomic iodine up to 80 % was achieved in 
the optimum case for the system leading via chlorine. 

Keywords: atomic iodine, chemical oxygen-iodine laser, modeling 

1.   INTRODUCTION 

In a conventional COIL operation, a part of the energy stored in singlet oxygen is consumed for the dissociation of iodine 
molecules used as a precursor of atomic iodine. Therefore, an injection of atomic iodine into the laser mixing zone can 
significantly increase the extracted power at the same input parameters. By using generation of atomic iodine from gaseous 
reactants only, some technical problems connected with the evaporation process of solid or liquid molecular iodine can be 
also avoided. 
An effort was devoted recently to work out a method for the direct generation of atomic iodine. For instance, electrical 
discharge technique using alkyliodides for a pulsed COIL has been investigated in Lebedev Physical Institute1, and a 
microwave discharge technique of pre-dissociation of molecular iodine was reported by the Japanese group.2 A chemical 
generation of atomic iodine by reaction of atomic chlorine with hydrogen iodide has been used in the system similar to a 
COIL where the energy transfer from NCl(a'A) to the ground state I atoms has been investigated.3 

We have started recently with the study of the chemical generation of atomic iodine by reaction of mixed commercially 
available gases in order to achieve a cw COIL operation. 

2.   CHEMISTRY OF ATOMIC IODINE PRODUCTION 

A principle of the method is based on the reaction between atomic fluorine or atomic chlorine with hydrogen iodide 

F(C1) + HI -» HF* (HC1*) + I(2P3/2) (la,b) 

forming atomic iodine in a fast exothermic process 

kla = 6.3 x Kr12 cmY1    (AH°29S = -216.7 kJ/mol) 
klb = 1.64 x Kr10 cmY'   (AH°29g = -132.5 kJ/mol), 

where some part of liberated energy is stored in vibrationally excited HX molecules.4 

Mechanisms proposed for both fluorine and chlorine atoms generation follow. 

2.1 Generation of atomic fluorine 

The reaction of molecular fluorine with nitrogen oxide5 

NO + F2 ->NOF* + F jt2=7xlO-13e-,15OTcmV1 (2) 
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is a fast exothermic process (A#°298 = -77 kJ/mol).6 The F atoms are lost by reaction with NO and recombination processes7 

F + NO + NO -> NOF + NO 
F + NO + He ->NOF + He 
F + wall -» products 
F + F + M->F2 + M 
NOF* -> NO + F 

/t3= 1.7 x 10"31 cm6 molec"2 s"1 
(3) 

A4=l.lxl0"31 cm6molec-V (4) 
*5 = 12 + 19s_I 

(5) 
£,5= 5.3 xlO"34 cm6 molec"2 s"1 

(6) 
*7=3.3xl0"14cm3s"'. (7) 

where electronically excited NOF molecules decay to the ground state by both radiative and non-radiative processes. 
Kinetics of this system may be also complicated by very reactive molecular fluorine, which is always presented in the 
reaction system.8 The atomic fluorine production predicted by Helms et al7 corresponds to the measured efficiency of 20- 
30%, and a percentage dissociation of F2 molecule to F atoms of 18%.7,9 

2.2 Generation of atomic chlorine 

A proposed mechanism is based upon the reaction of chlorine dioxide with nitrogen oxide running through the chain- 
branching reaction mechanism applied successfully in chemical HC1 and HC1/C02 transfer lasers 10 

C102 + NO -> N02 + CIO + 60.6 kJ/mol 
CIO + NO -> N02 + C1 + 37.2 kJ/mol 
Cl + C102 -> 2 CIO + 23 kJ/mol 
Cl + N02 + He^ N02C1 + He 
C1 + C1N02->C12+N02 

CIO + NOz + He -» N03C1 + He 
Cl + Cl + M -» Cl2 + M 

/fc8 = 3.4xl0"13cm3s"' 
/t9=1.7xl0-ll

e
(±120^cm3s-' 

*io =5.9x 10""cm3s"1 

*i, = 7.2x 10"31cm6molec-2s"' 
kn = 3.0x10"" cm3s"' 
/t,3 = 1.0 x 10"3'cm6 molec"2 s"1 

ku = 6.4 x 10"33 cm6 molec"2 s"1 

(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 

The reaction (8) initiates the chain while reactions (9) and (10) propagate the chain with Cl and CIO acting as chain carriers. 
The termolecular reactions (11) and (13) and the reaction (12) act conversely, representing the principal loss mechanism for 
Cl atoms and CIO radicals. It was shown by the Arnold et al's10 numerical calculations that the chain carriers Cl and CIO 
must not be excessively depleted by the loss processes if the reaction system C102/NO has to be efficient. 

2.3 Loss processes of atomic iodine 

The ground state atomic iodine is lost mainly in three-body recombination reactions 

1 +1 + M -> I2 + M 
I+N02 + M->IN02 +M 
I + IN02 -> I2 + N02 

I + C1 + M -> IC1 + M 

*i5 = 4.2 x 10"33 cm6 molec"2 s"1 (15) 
k16= 1.68 ±0.38 x 10"31 cm6molec"2s"1 (16) 
*17=8.3xl0""cm3s"1 (17) 
*,8= 1.0 xlO"32 cm6 molec"2 s'1, (18) 

where the last three reactions occur in the system leading via chlorine. 
For a direct production of atomic iodine in the COIL, the deactivation of 02(

!Ag) and I*(2P1/2) by reaction mixture 
components must be considered. HX molecules are only weak quenchers of 02(

1Ag)
11 

O^'A^ + HI -> 02(
3Eg) + HI 

O^'AgJ + HCI -* 02(
3Sg) + HC1 

*19 < 2 x 10 
*20=4xl0"18 

17 3   -1 cm s 
cm s 

(19) 
(20) 

as well as C102 and NO. 
A quenching of excited iodine by hydrogen halides is somewhat faster12 

HI + I* -> HI +1 
HC1 + I* -* HC1 +1 

*2i = 5.7xl0"14cm3s"1 

kn= (0.32-1.5) xlO"14 cm3 s"1. 
(21) 
(22) 
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3.   MODELING OF REACTION SYSTEMS 

To understand more the above kinetics of chemical generation of atomic iodine, and to assess an appropriateness of suggested 
reaction systems for the COIL conditions, a numerical modeling of both systems was accomplished. A simple one- 
dimensional, constant pressure numerical model was developed with the following assumptions: an instantaneous mixing of 
reactants, neglecting heat transport to the walls and considering an adiabatic process. The mass and enthalpy balance equations 
were solved by using a fourth-order Runge-Kutta routine. A time course of concentrations of all reaction components and 
intermediates, and system temperature was obtained. The calculations were accomplished for the flow and pressure conditions 
typical for the mixing region of supersonic COIL in our laboratory: 40 mmol/s of Cl2, 80 mmol/s of primary He, and 40 
mmol/s of secondary He, total pressure in subsonic channel of 4 kPa, and 02(

1Ag) partial pressure of 580 Pa (with the excitation 
efficiency of 60%). A gas flow velocity in reactor was considered to be 100 m/s. 

Both reaction systems suggested for atomic iodine generation can be generally solved for two different experimental 
configurations. In the first arrangement, the gaseous reactants for chemical generation of atomic iodine are introduced 
directly into the main (primary) flow containing singlet oxygen, residual chlorine and water vapor. This procedure looks 
very simple and convenient but one has to take into account the fact that the primary gas components can react with 
reactants and products included in atomic iodine synthesis. In the second experimental arrangement, atomic iodine could be 
generated in a separate reactor from which a gas containing atomic iodine is injected into the primary flow. In this case, a 
total pressure of reactants can be significantly higher than in the first configuration, providing a higher rate of reactions of 
atomic iodine generation. 

4.   RESULTS AND DISCUSSION 

4.1 Reaction system with atomic fluorine as intermediate reactant 

The modeling of system leading via fluorine included reactions (la), (2)-(6) and (15). The highest F atoms yield was 
obtained for the concentration ratio [F2]:[NO] = 1:2. Due to the significant loss processes, the optimum injection for the HI 
was found simultaneously with F2 and NO. Results are illustrated in Figure 1. A moderate iodine yield of 45% was achieved 
at the reaction path of 50 cm. The reaction path can be reduced by the decreasing in helium dilution, as is shown in Figure 2. 
This is, however, accompanied by a significant increase in temperature. 

distance,cm (v=100 m/s) 

( 10 20                 30                 40 50 

2.5- 

'        1 

temperature . — ■ 

2.0- jx"^-^^^ HF 
" 

1.5 - NOF-_^_- 
■ 

1.0- /\ If - 

0.5- 
 "~==«^      Hl F, - 

0.0 ■     i '         I         '         I         ■         i 
2 3 

time, ms 

Fig. 1: Molar flowrates of reactants for system with 
atomic fluorine. The upper X-coordinate denotes 
the distance from the point of eases injection. 
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Fig.2: Atomic iodine yield as a function of 
distance for different helium dilution and 
temperature at the distance of 30 cm. 

4.2 Reaction system with atomic chlorine as intermediate reactant 

The modeling of system going via chlorine included reactions (lb), (8)-(13), (15>(17)- It was shown10 that an effective 
production of atomic chlorine requires the concentration ratio [C102]:[NO] = 1:2. If the ratio is 1:1, CIO radical is 
predominantly formed, which was confirmed by our modeling (see Figure 3). Due to the chain-branching reaction 
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mechanism, the CIO radical should not be significantly depleted by reaction (9). The modeling was therefore performed for 

distance, cm (v=100 m/s) 
0.5 1.0 1.5 

distance, cm (v=100 m/s) 
2 3 4 

Fig.3: Relative concentrations (to C102) of Cl and 
CIO radicals. Open symbols denote concentration 
ratio [C102]:[NO] = 1:1, solid symbols the ratio 1:2. 

Fig.4: Molar flowrates of reactants for system with 
atomic chlorine. HI and second part of NO are 
injected 3 cm downstream. 

a such reaction arrangement, in which first C102 and NO are injected in concentration ratio 1:1 and the second part of NO is 
injected together with HI 3 cm downstream. The results are shown in Figure 4. In this case, the atomic iodine yield is nearly 
80% at the distance of 4 cm, while the concentrations of CIO and C102 are already negligible at this distance. The 
temperature comes to 300 °C. 

5. Conclusions 

The concentration and temperature profiles in the reaction systems for atomic iodine generation were calculated by using 
the simple one-dimensional model. In the optimum conditions, the system going via atomic chlorine resulted in the 80% 
yield of atomic iodine at the reaction path of 4 cm. It would suit for the COIL operation quite well. The way including 
atomic fluorine would require probably using a separate reactor working at higher pressure, and a cooling device. 
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ABSTRACT 

A COIL (Chemical Oxygen-Iodine Laser) of 2.2 kW output power has been developed in Korea. The effects of stability 

and uniformity of the BHP(Basic Hydrogen Peroxide) jet columns on the operation of the COIL are reported. In this paper, 

the uniform jet speed distribution of jet SOG (JSOG) in a supersonic COIL is achieved by using the centrifugal pump. And 

the vane plate in front of BHP jet plate is installed to suppress the turbulent BHP flow generated by the centrifugal pump. 

The stability and uniformity of BHP jet columns are increased by installing the vane plates. Substantially, the chemical 

efficiency is increased up to 21.7 %. 

Keywords: COIL, SOG, jet stabilization, centrifugal pump 

1. INTRODUCTION 

The COIL is an efficient source of high output power. At present, JSOG is frequently used as a source of high-energy 

singlet oxygen in COIL. In JSOG, the fast flowing BHP jet is injected into reaction region to react with a flow of chlorine. 

The inherent instability of BHP jet leads to jet breakup and produce the unwanted aerosol. This aerosol that is swept into the 

supersonic nozzle contributes the increase of water vapor content and degrade the chemical efficiency. The improvement of 

the chemical efficiency is one of the most important for the high output power of COIL. Since the COIL was discovered in 

1977, many researchers have investigated to achieve higher chemical efficiency.l'H51 It is well known that the chemical 

efficiency is dependent upon the utilization of chlorine gas, singlet oxygen yield and the reaction of energy transfer between 

singlet oxygen and iodine, etc.I2' So, in order to improve the chemical efficiency, the stabilization of BHP jet column in 

SOG has need to be increased. This work introduces the use of centrifugal pump as a BHP circulation. The centrifugal pump 

generally has a characteristic of large flow rate and no cavitations. But the bubble in BHP is easily generated by shearing 

stress of pump impellers, and the BHP flow is highly turbulent. A BHP flow is guided by the vane plates in front of BHP jet 

plate to minimize the turbulent effect. Using this approach, relatively stable jets have been produced. A test of JSOG with 

the use of centrifugal pump is described and the results of COIL operation are discussed. 
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2. EXPERIMENTAL SETUP 

The experimental setup for the COIL experiments is shown schematically in Fig. 1. The apparatus consists of three 

parts: the singlet oxygen generator (SOG) and basic hydrogen peroxide (BHP) circulation system, the laser cavity with 

supersonic nozzle, and the vacuum pump system. 
Table 1. Run conditions for the 2kW COIL. 

laser gain 
region 

BHP circulation System 

Fig. 1. Experimental setup. 

Gas 
Flows 

Ch flow rate -110 mmole/s 
h flow rate ~ 1.4 mmole/s 

Pri. N2 flow rate -110 mmole/s 
Sec. N2 flow rate - 110 mmole/s 

Jet 
SOG 

SOG reaction 
volume 

0.375 4 

a 4.8 cm'1 

SOG pressure 37 torr 
BHP flow rate 132 I /min. 
BHP molarity 6.1 M 

Jet speed 6.3 m/s 
Gas speed 16 m/s 

Laser 
Cavity 

Gain length 15 cm 
Static pressure 3 torr 

Plenum pressure 27 torr 

JSOG was designed and developed from samara. The jet plate has 720 holes with diameter 0.8 mm in the Teflon jet 

plate. BHP/Cb reaction region was 100 mm reaction length with a 25 x 150 mm cross section. The BHP solution was 

prepared from 20 liters of 50 % H2O2 and 20 liters of 91 % KOH in a mixing tank, and cooled down to -10 - -20 °C by heat 

exchanger using ethanol as refrigerant. The BHP solution was delivered into SOG by a three stage centrifugal pump. The 

vane plates in front of BHP jet plate were installed to generate the uniform BHP jet columns. Chlorine was supplied into the 

reaction region through two tubes mounted on the bottom of the SOG at a distance 10 cm below a singlet oxygen exit. The 

operation conditions of COIL are presented in Table 1. The maximum chlorine flow rate was limited up to 110 mmole/s 

because the pooling reaction was dominant due to the high SOG pressure. The primary buffer gas and the iodine carrier gas 

were set to same flow rate with chlorine flow rate. BHP flow rate was controlled by changing the motor speed of centrifugal 

pump. The BHP flow rate was 132 liters/min and the jet speed is 6.3 m/s. Singlet oxygen was passed through the slit valve 

and was transported along a channel of 10 x 150 mm cross section to a molecular iodine injector unit. The primary N2 

injector was mounted in wall of the gas channel at a distance of 20 mm from the slit valve. The iodine injector was a slit 

type with an internal cross section 10 x 150 mm for a gas flow and has the injector holes in the upper and lower wall of the 

aperture. The iodine molecules were evaporated by halogen lamp in the iodine vessel and then carried by N2 gas to the 

iodine injector. The distance between the supersonic nozzle throat and the optical axis was 6.5 cm. The supersonic nozzle 

was designed to M=2 and the measured gas speed in the cavity was M= 1.76. The gain length and the supersonic nozzle 

throat height were 150 mm and 10 mm, respectively. The optical resonator was 760 mm length and consisted of a flat mirror 

and a concave mirror with 5-m curvature. The vacuum pump speed was about 2200 liter/sec. 

108 ProcSPIE Vol. 4184 



3. RESULTS AND DISCUSSION 

The behavior of BHP jet stability under the use of centrifugal pump and guided vane plate was investigated 

experimentally to optimize the COIL operating condition. The centrifugal pump generated a highly turbulent BHP flow so 

that the fluid pressure was not constant over the jet plate. And, the aerosol was easily generated because the fluid has a lot of 

bubbles. Fig.2 (a) and (b) show BHP was delivered directly to jet plate without a guided vane plate. In this case BHP jet 

speed was not uniform in the SOG reaction volume and the aerosol was generated by a highly turbulent BHP flow. This 

aerosol became entrained in the gas flowing out the JSOG and was swept into the supersonic nozzle. The aerosol contributes 

the quenching of excited iodine leads to the decrease of the chemical efficiency. To remedy this problem, a guided vane 

plate was placed on the jet plate to suppress the fluid turbulence so that the BHP flow could be directed vertically downward 

(Fig. 2(c)). The uniform jet speed resulting from uniform pressure distribution over the jet plate was observed, and BHP 

carryover was significantly reduced with some tolerance. 

Turbulent flow BHP 

rTT 
llllllll 

(a) (b) (c) 

Fig 2. Dependence on spatial distribution of the BHP jet 

Flow rate of BHP jet (liter/min) 

Fig.3. Chemical efficiencies vs. BHP flow rate 

Fig.3 shows the dependence of the chemical efficiency on the 

BHP flow rates. It is shown that the chemical efficiency was 

increased up to 21.7% with the increase of BHP flow rate under the 

use of the vane plate. It can be deduced that the pressure distribution 

over the jet plate is tend to uniform over the jet plate as the flow rate 

and the fluid pressure increase. Also, the momentum of BHP jet that 

has a lot of bubbles in the fluid should be high enough to overcome a 

BHP carryover. Although the fluid pressure was changed as the 

SOG pressure due to the centrifugal pump characteristics, the fluid 

pressure was about 1.5 kg/cm2 at the optimum SOG pressure of 37 

torr. 

Table 2. Experimental results at optimum output 

power of COIL 

Mc ~110mmole/s 

mc 2.93 mmole/s.cm 

P    • t *sog        sog 0.22 torrsec 

Utilization 92% 

Yield 60% 

Mirror transmittance 2% 

Laser power 2.2 kW 

Chemical efficiency 21.7% 
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The dependences of output power on the iodine flow 

rate are plotted in Fig. 4 for comparing the effect of BHP jet 

stabilization. The laser power was diminished after several 

second because of BHP carryover in the case of Fig. 2 (b), 

but, after jet stabilization, the output power was stable 

within 30 second and then gradually decreased due to BHP 

temperature rise and consequently the increase of water 

vapor content. Some of optimum experimental results are 

shown in Table 2. 

The centrifugal pump showed a rather good 

performance for a long time operation up to several ten 

minutes with chlorine flow rate of less than 30 mmole/s. 

(b) of Fig.2 

0.5-1 , 1 ,_ 

(c) of Fig.2 

-i 1 1- 
0.5 10 1!5 

Iodine fiowrale (mmole/sec) 

Fig 4. Comparison of output power vs. iodine flow rate at 

chlorine flow rate of 110 mmole/s 

4. CONCLUSIONS 

The effects of stability and uniformity of the BHP jet columns on the operation of the COIL were reported. The 

centrifugal pump was used for the circulation of BHP, and the BHP was guided by vane to suppress the effect of turbulent 

BHP flow. The high values of chlorine utilization and singlet oxygen yield were obtained with a reduced BHP carryover 

after jet stabilization. The highest power was 2.2 kW with 21.7% chemical efficiency. And the centrifugal pump that has a 

large flow capacity and nearly no cavitations can be successfully used for COIL operation. 
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ABSTRACT 

A chemical method of atomic iodine generation with a potential application in chemical oxygen-iodine laser 
(COIL) was investigated experimentally. The process consists in a fast reaction of gaseous hydrogen iodide with 
chlorine atoms produced in reaction of gaseous chlorine dioxide with nitrogen oxide. In conditions characteristic 
for a subsonic mixing region of COIL, atomic iodine was produced with a yield of 20-50 %. This is in a fair 
agreement with results of mathematical modeling of this complex reaction system. 

Keywords: atomic iodine, COIL, oxygen-iodine laser 
1. INTRODUCTION 

A direct generation of atomic iodine instead of molecular iodine dissociation by singlet oxygen in a COIL can 
increase significantly the laser gain. It can save a part of singlet oxygen energy consumed for iodine dissociation 
and avoid the very fast quenching of excited iodine atoms by iodine molecules. Recently, some physical methods 
of atomic iodine production for CODL have been proposed and tested (electrical discharge in alkyliodides 
vapours,1 mw discharge in iodine vapours2). A chemical generation of atomic iodine through reaction of 
hydrogen iodide with atomic chlorine has been applied in the laser system based on NCl(a'A) + I(2P3/2) energy 
transfer reaction. Chlorine atoms were produced in this system in the reaction of DC1 with F atoms arising from a 
dc discharge in F2+He mixture.3 

In search for a method of atomic iodine generation which could be appropriate for COIL, two fast reactions have 
been chosen 

F  + HI -*• I(2P3/2)  + HF kla = 6.3xlO-I2cmV (la) 

and 
Cl  + HI -+ I(2P3/2) + HC1 klb = 1.64 x 10'10 cmY1 (lb) 

where some part of liberated energy is stored in vibrationally excited HX molecules. The fast reaction of nitrogen 
oxide with molecular fluorine has been suggested to produce fluorine atoms 

NO  + F2 -> NOF + F k2 = 7 x 10" l3erll5on em's"1 (2) 

Chlorine atoms can be generated efficiently in a chain-branching reaction 

C102 +NO ->• CIO + N02 

CIO +NO -> Cl + N02 

Cl + C102 -> 2 CIO 

Both reaction systems are accompanied by a number of loss processes, which are summarized in our paper.4 

According to a detailed analysis based on published reaction rates of possible reactions of these reactants and 
products with components of the COIL medium (singlet oxygen, excited I atoms), the atomic iodine production 
by the proposed methods directly in COEL was not precluded. A mathematical modeling of the both reaction 

k3 = 3.4xl0"13cm3s"1 (3) 
k4=1.7xlO"11e-12OTcm3s-1 (4) 
k5 = 5.9xlO'11cmV1 (5) 
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systems for conditions typical in a subsonic stream of singlet oxygen in the supersonic COIL has been 
performed.4 According to results of the modeling atomic chlorine is more appropriate precursor than atomic 
fluorine. Reactions leading to the atomic iodine production via chlorine are accomplished on a shorter reaction 
path (several centimeters at gas velocity of 100 m s"1) than via fluorine, and with I yield up to 80 % in optimum 
conditions (assuming an instantaneous mixing of reactants). The promising results of modeling brought us to an 
experimental verification of the proposed generation of atomic iodine for flow and pressure conditions similar to 
a subsonic region of COIL, i.e., a gas velocity of 100 m s"1, and atomic iodine partial pressure of several tens of 

2. EXPERIMENTAL 

Fig. 1 shows a scheme of the small scale experimental device constructed for testing a principle possibility to 
generate atomic iodine in COIL-similar conditions. Chlorine dioxide diluted with nitrogen (1:40) is introduced 
into the through-flow chemical reactor 1 as a primary gas. Nitrogen oxide mixed with nitrogen (1:9) is injected in 
two streams by injectors I#l and I#2, and last, hydrogen iodide diluted with nitrogen (1:8.5) is admixed by 
injector I#3. Nitrogen oxide is injected consecutively in two streams because the CIO radical, the reaction 
product of C102 with the first NO molecule (eq. (3)), has longer lifetime than atomic chlorine (the product of the 
second step - eq.(4)). A design of the reactor allows to vary distances between injectors and so to optimize a 
time span between injection of reactants. A flow rate of each secondary gas is controlled by a stainless steel 
needle valve and evaluated from a pressure measured before a diaphragm orifice (in fiowmeters 6, 7, and 8), in 
which the sonic speed is fulfilled. The reactor is made of stainless steel tube of 10 mm in inner diameter, the gas 
injectors I are made of stainless steel tube of 5 mm in outer diameter. Gases are injected through openings drilled 
perpendicularly to the injector axis at the end of each injector. A diameter and number of openings of each 
injector were calculated to attain both a full penetration of each secondary flow into the primary flow, and a 
needed pressure downstream the measuring diaphragm orifice in each gas flowmeter. Gaseous chlorine dioxide 
used as a precursor of atomic chlorine, is produced in the column 2 by reaction of gaseous chlorine with solid 
sodium chlorite5 

2 NaC102(s) + Cl2(g)  -> 2 C102(g) + 2 NaCl(s) (6) 

Chlorine was diluted by nitrogen in the ratio 1:50 to assure, for safety reasons, a partial pressure of C102 lower 
then 4 kPa (30 Torr). A flow rate of both gases was measured by rotameters 3 and_4. Operating pressure in the 
column 2 was controlled by valve 5 and maintained at about 100 kPa. For analysis, the exiting gas was absorbed 
in 2 % KI, and this solution titrated with 0.05 M Na2S203, first in neutral, and then in acidic medium. A flow rate 
of both C102 and residual chlorine were evaluated from these analyses. 
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Fig. 1: Scheme of a small scale device for atomic iodine generation 
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The rate of atomic iodine production was determined indirectly from a concentration of molecular iodine formed 
by I atoms recombination. A designed diagnostic cell 9 allowed to measure I2 concentration in two locations, in 
which a different degree of I recombination is expected issuing from the rate of termolecular reaction 

I + I + M -> l2 + M 2 „-1 , h, = 4.2 x 10-" cm6 molec"2 s"1 (M = N2)      (7) 

For a pumping rate of the rotary pump used (25 m3 h"1), a time interval between the HI injection and the first 
detection cell is 7 ms, or 120 ms for the second detection cell, respectively. Molecular iodine concentration was 
measured from the light absorption at 488 nm using the split beam of Ar ion laser 10 and Si diodes for detection. 
The amplified electric signals of the diodes, the gas flowmeters, and the Ni-NiCr thermocouple monitoring gas 
temperature were processed by AD converter and PC on-line. A gas velocity in the reactor was 100 m s"1, and 4.7 
m s"1 in the diagnostic cell at the full pumping rate. The gas mixture is exhausted from the diagnostic cell through 
a scrubber (with sodium hydroxide) and liquid nitrogen trap by a rotary pump. 

3. RESULTS AND DISCUSSION 

3.1 002 generator operation 
The C102 generator containing approx. 3 1 NaC102 produced in average from 60 to 80 umol C102 s"1 with 80 % 
yield. The C102 production could be increased even up to 120 umol s"1 at a higher chlorine flow rate but with the 
70 % yield only. The production rate with the same filling of NaC102 was by 10 % lower after two months of 
intermittent operation (though the chemical conversion of NaC102 by reaction (6) was insignificant). 

3.2 Molecular iodine production 
Simultaneously with the I atoms production and their successive recombination, molecular iodine may be formed 
also by the reaction of residual molecular chlorine with hydrogen iodide 

Cl2 +2HI -> 2HC1 + I2 (8) 

As the rate constant of reaction (8) has not been found in literature, we evaluated k% experimentally in order to 
estimate the effect of this reaction on the total I2 concentration measured in the detection cells. For this purpose, 
Cl2+N2 mixture was introduced directly into the reactor 1, gas mixture HI+N2 into the injector #3, and I2 

concentration was measured in both detection cells. The rate constant kg = (3.4 ± 1.7) x 10"33 cm6 molec"2 s"1 was 
obtained from six experiments performed at different C102 and HI flowrate. 

3.3 Atomic iodine production 
An example of the measured time course of molecular iodine flow rate in the first and second detection cells for 
different flowrate of HI is shown in Fig. 2. These data together with other results are summarized in Tab. 1. 

Tabl. 

Flowrate of reactants and molecular iodine, «, yield of atomic iodine, Y, and total pressure in the reactor, P,ol 

OC102» 

umol s"1 

_     resid. 
ÖC12        . 

umol s"1 
nNo(l),(2) 
umol s"1 

Hffl, 

umol s'1 
nc(a), 
umol s"1 

1112(b), 

umol s"1 
1112' (a), 
umol s'1 

nB'(b), 
umol s'1 

Y,(a), 
% 

Y,(b), 
% 

Ptotj 

kPa 
60 7.3 60 55 6.0 6.6 0.005 0.09 20 22 1.92 
60 7.3 60 116 10.6 14.4 0.024 0.40 35 47 2.10 
60 7.3 60 55 5.0 6.0 0.005 0.09 17 20 1.92 
60 7.3 60 70 8.8 10.3 0.075 1.14 29 31 4.06 

78.7 10.8 60 53 9.5 12.7 0.007 0.12 32 42 1.92 
78.7 10.8 60 69 7.8 10.8 0.180 2.53 25 28 4.93 
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Fig. 2: Time course of HI flowrate (1), and I2 flowrate through the first (2a), and second (2b) detection cell. 
Primary flow: 60 umol C102 s"\ 1st injector: 60 umol NO s"\ 2nd injector: 60 umol NO s"1 

In these experiments, a distance between the first and second injector openings was adjusted to 2.8 cm, between 
the second and third injector openings to 0.37 cm. The HI flowrate was varied while NO and C102 flowrate 
remained constant, so that the concentration of nitrogen dioxide (the by-product of reactions (3) and (4)) and also 
N02 contribution to the light absorption remained constant being included into a baseline of photodiodes. 
Table 1 presents flow rates of reactants, and molecular iodine through the first, ni2(a), and the second detection 
cell, nI2(b), evaluated from the measured light absorption. A flow rate of molecular iodine formed by the reaction 
(8), ni2', was calculated using the estimated rate constant *8 and the flow rate of HI and residual chlorine. This 
calculation does not consider hydrogen iodide consumed in much faster simultaneous reaction (lb), so that nI2' 
represents the highest estimate of the I2 production rate by eq. (8). As a consequence, the difference (n12-n,2') 
denotes the minimum estimate of the flow rate of molecular iodine formed by recombination of iodine atoms. 
The yield of atomic iodine was calculated as the ratio 2(nI2-nI2')/nNo(l)- In the performed measurements, gas 
temperature in the first detection cell was in the range of 70 to 85 °C. The yield of atomic iodine became higher 
with increasing HI flowrate, and was between 20 and 50 %. 
In accordance with the rate of the reaction (7), the measured I2 flowrate in the first detection cell, nI2(a), is lower 
than in the second cell, n^). Assuming this kinetics, the recombination of atomic iodine is not fully 
accomplished in the second cell, so that the actual yield of iodine atoms may exceed the data presented in Tab. 1 
and Fig. 2. These conclusions, however, do not meet the results issuing from relatively faster reactions of iodine 
atoms with nitrogen dioxide published by Buben7 

I + N02 + M->IN02 +M 
I + IN02 ->I2 + N02 

kg= 1.68 ± 0.38 x 10"31 cm6molec 
it,ft=8.3xl0-llcm3s"1 

V (9) 
(10) 

Using the rate constants k$ and k10, the recombination of iodine atoms should be accomplished in the first 
detection cell, and consequently, I2 flowrate in both cells should be equal. It is expected that a final answer will 
be given when the planned direct atomic iodine detection using the diode probe laser diagnostics7 is used. 
In comparison with results of modeling of the reaction system,4 the experimentally obtained yield of atomic 
iodine is somewhat lower. This can be explained by the assumption of instantaneous mixing of reactants in the 
mathematical model and/or eventual not full recombination of iodine atoms in the detection cells. The 
temperatures determined in the measurements are substantially lower than the calculated values.4 The most 
probable reason is a substantial part of liberated reaction energy stored in vibrationally excited HC1 molecules.8 
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4. CONCLUSION 

Preliminary experiments were performed that verified a possibility to generate atomic iodine by chemical 
reactions of gaseous reactants in conditions suitable to COIL. Atomic iodine was generated with a yield up to 
50 % in reaction of hydrogen iodide with atomic chlorine, which was produced by a reaction of chlorine dioxide 
with nitrogen oxide. A more reliable results are expected from a direct atomic iodine detection using the diode 
probe laser diagnostics, which is planned in a near future. 
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Study of Energy Performances of Supersonic COIL 
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ABSTRACT 

An experimental study of energy performances and chemical efficiency of supersonic COIL with twisted aerosol 
SOG and the parallel-flow system was made. An experimental supersonic COIL setup is present. 

Keywords: Chemical Oxygen Iodine Laser (COIL), supersonic nozzle, gases mixing, chemical efficiency. 

1.   INTRODUCTION 

The source idea of the mixing device for oxygen-iodine laser (COIL), that was generated around the phenomenon of 
molecular iodine dissociation during its mixing with singlet oxygen in subsonic flow with subsequent expanding and 
cooling of laser active mixture inside subsonic nozzle III, has allowed a high chemical efficiency of COIL demonstrated as 
about 27 %. This result was obtained applying a large amount of buffer helium (Cl2:He=l:4) in singlet oxygen generator 
(SOG) to reduce singlet oxygen transport loss and in-resonator working mixture temperature. After changing helium with 
nitrogen, the COIL chemical efficiency went down to about 16 % level 111. These-days' publications discuss extensively 
various conceptions of more advanced mixing nozzles for COIL ß-SI. The essence of those concepts is that while creating 
any modern mixing device one must at the same time provide for high chemical efficiency of COIL and high stagnation 
pressure (recovery) of working gas. This will lower the inputs for spent gas exhaust and is essential for laser industrial 
facilities. We suggest the increase of singlet oxygen pressure at the nozzle unit inlet be by far more promising. In this case it 
will be possible to decrease essentially the ratio of concentrations of water vapor and singlet oxygen as well as the relative 
singlet oxygen loss in molecular iodine dissociation. This consideration underlies the concept of the state-of-the-art high- 
pressure COIL suggested previously by us in refs. /6-8/ and developed around the combination of a parallel gaseous iodine - 
singlet oxygen flow mixing system and high-pressure singlet oxygen generator. 
The present paper reports on the first step on the way of testing the concept. Namely, under the low-pressure conditions 
(about 10 Torr) of singlet oxygen we have obtained the experimental results for verifying over the data of various 
publications. The work primary objective was experimental research into the energy performance of the supersonic COIL 
using the parallel-flow mixing system suggested earlier by us in ref. /6-8/ as well as testing of the twisted aerosol singlet 
oxygen generator (TA SOG) /9-11/ operating into the supersonic COIL. 

2. EXPERIMENTAL SETUP 

A photo of the experimental setup is shown in Fig. 1. The experimental setup utilizes a twisted aerosol singlet oxygen 
generator (TA SOG) /9-11/. The TA SOG provides for two-stage delivery of buffer gases (nitrogen) into the reactor: jointly 
with chlorine and through a special ejector device at the reaction zone outlet. The gas velocity at the reactor outlet is up to 
Vout» 85 m/s when chlorine and buffer gases are portioned as Cl2:Buff. 1 :Buff.2=l :2:1. These are the major reactor values: 
• gas pressure at the reactor outlet - 70-75 Torr; 
• singlet oxygen yield - 70 % at least; 
• chlorine utilization - above 95 %. 
The system of BHP making is intended to prepare for TA-SOG any predetermined ratio of the working solution 
(KOH+H202+H20) components and cool this down to a working temperature about -20°C. 
A nozzle unit made currently by us for experimental setup activity represents a mononozzle which critical section height h 
was let to range from 2 to 4 mm at the respective opening ratio h/h*. The Mach number calculated for 2-mm critical section 
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and adiabatic exponent y=1.4 is M«3. The supersonic nozzle profile was shaped as the seventh flow line that is continued as 
a straight line sloped at a=2.5°. The active length of the nozzle was 150 mm across the flow. 

Fig. 1. Experimental COIL setup. 

Gaseous iodine and a carrier gas (nitrogen or helium) are delivered 
into singlet oxygen flow with the aid of a tube injector. The injector is 
composed of 149 tubes, outer diameter 1 mm and inner diameter 0.65 
mm, distributed in two rows with 2-mm spacing on the exit edge of 
the wing-shaped central body.The tubes of the injector are oriented in 
the singlet-oxygen flow direction thus allowing us - by moving the 
injector - to vary and optimize the position of the iodine injection 
plane with respect to the critical section of the supersonic nozzle and 
within the wide limits from 20 mm in subsonic to 3 mm in supersonic 
regions. The same nozzle construction (Fig. 2) were also used in our 
previous gas-dynamic laser (GDL) investigations when this allowed 
us to reach the record-breaking specific energy values 161. 
The laser resonator built around matrix mirrors and also well showing 
itself during the GDL study was described earlier in ref. 161 and is 
shown in Fig. 3. For gas-flow effect protection, the resonator mirrors 
were placed into special "pockets", 360 mm depth, pressurized with 
pure helium. The mirror separation is about 870 mm. The "pockets" 
were isolated from the supersonic channel with operated shutters. The 
cavity end mirror is composed of three square mirrors 40x40 mm2 

accommodated on a common support so that their axes are parallel to 
each other. The radius of curvature of each mirror is R=10 m. 
The reflection factor of the dielectric covering of the cavity end 
mirrors is 0.993. The flat outcoupler was commonly used by all three 
resonators and had a rectangular shape 40x120 mm2. The outcoupler 
transmittance could be varied from 0.01 to 0.04. 

"b" 

Fig. 2. Supersonic COIL's mixing systems: 
"a" - traditional mixing system with transverse 
iodine injection into singlet oxygen flow through 
holes in the nozzle's walls, "b" - mixing system 
with iodine injection in parallel to singlet oxygen 
flow through thin tube injector. 

Fig. 3. Small-scale COIL resonator's scheme with matrix 
mirror: 1 - gas flow, 2 - matrix nontransmitting 
mirror, 3 - output half-transmitting mirror, 4 - 
laser emission. 

The optical axes of the first, second and third resonators are accordingly at about 60, 100, and 140 mm distance of the 
critical nozzle section. The resonator design had the possibility to travel along the flow within a distance up to 250 mm of 
the critical section. A supersonic diffuser is intended to change the supersonic COIL flow into the subsonic and to decouple 
gasdynamically between the optical laser cavity and vacuum tank. 
Gaseous iodine delivery system function is to produce gaseous iodine and deliver it into the injector of the nozzle unit to 
mix with singlet oxygen. Gaseous iodine is generated in a vaporizer-type system. Crystalline iodine is heated in a self- 
contained vessel up to a predetermined level of saturated vapor and via a sonic nozzle flows into a duct delivering warmed 
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carrier (helium or nitrogen) and further into the injector of the nozzle unit. The iodine flowrate was adjusted by changing the 
nozzle diameter and in-tank pressure, and the carrier flowrate - by changing sizes of a delivery orifice and the pressure in 
front of it. To prevent condensation, the iodine delivery duct is maintained at about 100 °C. An assistant gases delivery 
system includes subsystems to deliver buffer gases (nitrogen) into the reactor, a subsystem to deliver carrier into the iodine 
system duct, a subsystem to deliver a gas to purge the mirrors, chlorine displacement subsystems, and liquid (BHP) 
displacement subsystems for the reactor. The assistant gases flowrates are determined from the pressure drop readings on 
calibrated delivery orifices. All the subsystems are equipped with filters. An evacuating system consists of a vacuum tank, 
volume of 5 m3, pumps to remove gases, and a neutralization system to detoxify chlorine and iodine. The residual pressure 
of the evacuating system doesn't exceed 10'1 Torr. COIL experimental setup measurements are being performed with a 
computerized control system. This complex was implemented around a personal computer, type IBM PC, and is divided 
functionally into two systems - monitoring and logging. Both systems are closely interconnected by sharing the same 
hardware and software. The facility control as well as data acquisition and processing were fully automated with the 
development of this complex. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments were performed with nitrogen used as a buffer gas in the proportion 02:Buff.l:Buff.2= 1:2:1 at the total gas 
pressure 70 to 75 Torr at the SOG outlet. The molar flowrate of the iodine carrier (Buff.3) was approximately equal to the 
molar flowrate of oxygen (02:Buff.3=l:l). Thus, the oxygen to buffer nitrogen molar ratio was in our experiments equal to 
02:N2=T:4 and the singlet oxygen pressure at the nozzle inlet was about 10 Torr. 
Varying the position of the gaseous iodine injection plane from 15 mm in subsonic to 0.5 mm in supersonic regions with 
respect to the critical section of the supersonic nozzle, we were able to measure the experimental relative emission power of 
COIL as shown in Fig. 4. It is seen from the figure that under the conditions of the reported experiments the optimal 
distance constituted about 1.5 mm of the critical section in subsonic region. Variation of the outcoupler transmittance at the 
optimal iodine injection plane positioning has shown that the optimal - for getting the highest chemical efficiency - value of 
this factor was ~ 1 %. 
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Fig.4. Relative COIL power vs. situation of iodine 
injection plane with respect to critical nozzle 
section. 

Fig.5. Chemical efficiency of COIL vs. ratio of iodine 
and oxygen concentrations for the optimal 
position of iodine injection plane. 

Fig. 5 gives the chemical efficiency of COIL as functions of the ratio of iodine and oxygen concentrations measured for the 
optimal iodine injection plane position. As seen from the figure, the optimal iodine-to-oxygen ratio was about 0.025 in our 
experiments. This ratio is somewhat higher than in most reported works, which relates, possibly, to the lower dissociation 
degree of molecular iodine occurred with the mixing system in use and under the low pressure of singlet oxygen. It should 
be noted that in case of the optimal iodine concentration only two first mirrors of the matrix resonator are equipped. When 
the iodine concentration goes down, all three matrix resonator mirrors start to steadily act providing pickup of the inversion 
from the active medium 120 mm long in flow direction. This allows us to hope for getting higher energy performances of 
COIL after optimization of iodine concentration and position of optical resonator. The highest chemical efficiency of the 
laser reached for the emission arriving from the outcoupler direction was about 17 % at the 1.1 %- transmittance of the last. 
Allowing for the transmittance value of the "non-transmitting" mirror (~0.3 %), we estimated the total chemical efficiency 
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of the laser as 21 %, which is in a good agreement with the data reported by other authors 12, 12/. One may expect that an 
increase in the singlet oxygen pressure at the nozzle inlet would increase the dissociation degree of molecular iodine giving 
a possibility to reduce the relative iodine concentration, loss in the energy stored in singlet oxygen, and gas-flow 
temperature inside the laser cavity and to raise the chemical efficiency of the laser. 

4. CONCLUSIONS AND ACKNOWLEDGEMENT 

1. An experimental facility has been created to investigate into the energy performance of COIL for broadly ranged values 
of interest. 

2. A supersonic COIL model has been developed realizing mixing of parallel flows of gaseous iodine and singlet oxygen; 
and its high efficiency has been successfully demonstrated. 

3. The twisted aerosol singlet oxygen generator (TA SOG) operation together with the supersonic COIL has been tested 
and its high efficiency and reliability have been demonstrated. 

4. An experimental study has been conducted of the specific energy performances and chemical efficiency of the 
supersonic COIL for a singlet oxygen pressure about 10 Torr at various positioning of the injection plane, iodine 
concentration, and output mirror transmittance. 

5. Chemical efficiency of COIL above 20 % has been reached with nitrogen used as a buffer gas. 

The authors consider it as their pleasant duty to thank the scientists of the Samara Division of the Lebedev Physics Institute 
- V.D. Nickolaev and M.V. Zagidullin - for useful discussions of the work. 
The work was supported financially by the International Science and Technology Center, Moscow (ISTC Project #1118). 
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ABSTRACT 

This work examines the prospects of generating gas-phase 02('A) from thermal decomposition of (C6H50)3P03 for use in 
the oxygen-iodine laser. The process promises major advantages over the traditional production of 02('A) from the reaction 
of Cl2 with basic hydrogen peroxide, namely (1) producing 02(!A) from a single liquid fuel (as opposed to reacting liquid 
fuel and oxidant gas), (2) fuel with a long storage life, (3) up to four times lower heat release which greatly reduces needs 
for refrigeration, and (4) simple hardware. 

INTRODUCTION AND BACKGROUND 

The atomic iodine laser operating on the transition I (2?m) —» I (2P3ß) + hv (1.315 urn) was discovered over 35 years ago 
[1]. It was subsequently recognized that iodine can be dissociated and pumped to the I (2Piß) state by energy transfer from 
singlet oxygen (02(*A)) [2]. The only technique successful in producing gaseous 02(*A) in concentrations sufficient to 
operate the oxygen-iodine laser uses the reaction of Cl2 with an aqueous solution of basic hydrogen peroxide (BHP) [3]. 
The laser using this process is known as the chemical oxygen-iodine laser (COIL) and continues to be a subject of intense 
research [4]. However, the C12-BHP reaction for generating 02(*A) has significant operational drawbacks, which includes 
corrosiveness and limited storage life of the reactants, and the need for complex reactant feed system involving pumps, 
tanks, and heat exchangers. 

Numerous other processes have been shown to produce 02(*A) [5]. Some of these hold a promise of producing gas-phase 
02('A) in concentrations suitable for oxygen-iodine laser and replace the C12-BHP reaction. One of the more promising 
schemes that has received significant attention involves an electric discharge in a flow of 02, 02 carrying gas, or oxygen- 
rich gaseous compound, see e.g., [6,7]. However, this method has not been successful attempts at producing 02(*A) in 
concentrations sufficient to operate the oxygen-iodine lasers. Another promising, but thus far unsuccessful process for 
producing 02('A) for the oxygen-iodine laser involves a photolytic decomposition of ozone (03) by ultraviolet light [8,9]. 

02(*A) FROM DECOMPOSITION OF OZONIDES 

A variety of organic compounds including some from the triaryl phosphite family, certain phosphines, sulfides, sulfones, 
benzaldehyde, and methyl isopropyl ether, have been shown to form stable ozone adducts or endoperoxides, which can be 
thermally decomposed to yield 02('A) [5]. To take advantage of the high reactivity of 02('A) some of these processes have 
been commercially utilized for in-liquid oxidation of chemicals. For example, triphenyl phosphite-ozone adduct 
(C6H50)3P03 (TPP03) can be formed by introducing 03 into a solution of triphenyl phosphite (C6H50)3P (TPP) in 
methylene chloride (CH2C12) solvent at about -78°C as 

-78°C 
(C6H50)3P + 03 > (C6H50)3P03 (Eq. 1) 

CH2Ci2 

When the ozone adduct (also called ozonide) is allowed to warm up, triphenyl phosphate (C6H50)3PO (TPPO) is produced 
and 02('A) is evolved in liquid as 

>-35°C 
(C6H50)3P03 > (C6H50)3PO + 02('A) (Eq. 2) 

CH2CI2 

This reaction has been reported to produce 02(*A) with the yield approaching 100% in liquid [10]. Figure 1 illustrates the 
basic steps of this process. Our analysis shows that producing gas-phase 02('A) with a yield over 50% appears possible . 
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Figure 1. In-liquid oxidation process using 02('A) produced by decomposition ofTPP ozonide 

PROCESS CONSIDERATIONS FOR GAS-PHASE PRODUCTION OF Oz^A) 

Design of a process for gas-phase production of 02('A) for use in the oxygen-iodine laser must consider factors such as 
ozonide storage life, triggering of ozonide decomposition, heat release, properties of suitable solvents, compatibility with 
laser processes, and 02('A) quenching in liquid. In the process shown in Figure 1, 02(*A) generated by the decomposition 
of TPP03 is consumed in liquid solution rather than being extracted to the gas phase. Extracting O^1 A) into the gas-phase 
requires diffusion of liquid-borne 02(JA) molecules to liquid surface. During the diffusion, however, a significant fraction of 
02C&) can be lost by deactivation to ground state via 02('A) —» 02 (

3S) + hv. 

One of the critical steps is selecting a suitable solvent. Such a solvent should have a sufficiently low melting point, 
preferably well below -80°C, be resistant to oxidation, cause little or no ozonide decomposition, and exhibit low quenching 
of 02('A) and I(2Pi/2>- Examples of suitable solvents include CH2C12, lower alcohols, and selected members of the Freon® 
family. Solvents in which hydrogen (protium) atoms have been replaced by deuterium are known to exhibit particularly low 
quenching of 02('A). For example, O^A) lifetime in CD2C12 is 120 us versus 59 us in CH2C12 [11]. (Note that 02('A) life 
time in BHP is only ~4 us.) Concentrations of the TPP solution may range from 1 mol per liter to several moles per liter. 

Solution of TPP03 produced by reaction (1) can be stored at low temperature, typically around -100°C, until ready for use. 
The decomposition rate of TPP03 depends primarily on the solvents and storage temperature. In particular, storage time tf 

at which a fraction / of TPP03 becomes decomposed can be estimated as 

t^-lnd-MAe-^)) (Eq.3) 

where E is activation energy, R is gas constant, T is storage temperature, and A is a constant specific to TPP03 solvent. 
Under favorable conditions, a solution of TPP03 can be stored for a considerable time. For example, TPP03 in CH2C12 

solvent (E = 14.1 kcal/mol, A = 1.57xl09 sec"1 [10]) can be stored at -100°C for about 2 years. This is a major improvement 
over the 1 to 10 day shelf life of BHP used in COIL. 

SINGLET OXYGEN GENERATOR (SOG) CONCEPT 

Properly designed SOG will decompose most of the supplied TPP03 fuel and extract a large fraction of produced 02(l&) 
into gas phase. For this purpose the SOG must be able to (1) rapidly heat the TPP03 fuel to well above -35°C and (2) 
reduce the path length for 02('A) diffusion to liquid surface. A possible approach is shown in Figure 2. TPP03 solution 
from a pressurized cryogenic storage tank is first preheated to about -35°C and then supplied to the SOG atomizing nozzle. 
Atomized TPP03 solution is then mixed into a flow of warm diluent gas and further heated. Heating rapidly decomposes 
the ozonide and produces 02('A) according to Eq. (2). For example, 90% of TPP03 in CH2C12 solvent heated to 100°C will 
decompose in about 100 milliseconds. Gaseous 02('A) produced in this manner is separated from spent fuel (solution of 
TPPO) and provided to laser nozzle. If desirable, solvent vapors can be condensed from the flow. 
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Figure 2: Singlet oxygen generator and feed system for production of02('A) by decomposition ofTPP ozonide 

Producing small droplet size is critical to obtaining a high 02('A) yield. Reducing droplet size reduces diffusion path that 
02('A) molecule has to travel in the solvent from its point of origin to the liquid surface. Such a diffusion path should be on 
the order of the diffusion scale length defined as xs ~ (Dx)m where ris 02(1A) lifetime in solvent and D is a solvent-specific 
diffusion coefficient. For example, for TPP03 in CD2C12 solvent with r = 120 LIS and D = 2.4 x 10"5 cm2/s, xs is about 0.5 
Lim. For TPP03 in CC13F (Freon 11), xs is about 1.5 urn. The lifetime of 02('A) in Freon 113 is particularly long (15,800 
LIS), resulting in xs of about 6 urn. Dependence of estimated 02('A) yield on relative droplet size is shown in Figure 3. 
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Figure 3: Estimated 02(
lA) yield versus droplet size relative to xs (R is assumed constant inside SOG) 

Besides using warm diluent, other techniques can be used to heat TPP03 spray, namely high-intensity light, and ultrasonic 
or dielectric heating. The amount of supplied heat can be quite small as the decomposition is quite exothermic, releasing 
about 14 kcal/mol of TPP03. Thus, the heat input is only required to decompose the outer layer of a fuel droplet. Once the 
decomposition is triggered, self-generated heat feeds the process. As seen in Figure 4, initial surface heating of a droplet 
establishes a "reaction zone," which then propagates into the bulk of the liquid, locally heating and decomposing the 
ozonite. Temperature rise of the surface layer will cause some solvent to evaporate, thus shrinking the droplet and reducing 
the 02( A) diffusion pathlength. Evaporation of the solvent also carries away excess heat of reaction. It is theoretically 
possible to prepare a TPP03 solution in which the heat of decomposition is sufficient to vaporize all the solvent. 

SYSTEM ATRIBUTES OF OZONE-OXYGEN-IODINE LASER (XOIL) 

Ozone oxygen-iodine laser (XOIL) promises a substantial technical improvement over the chemical oxygen-iodine laser 
(COIL) and other chemical lasers. In XOIL, 02('A) is produced from mono-fuel, as opposed to reacting fuel and oxidant. 
Furthermore, TPP03 fuel becomes completely expended in a single pass through the SOG. As a result, the fuel system 
could use simple, compact, light-weight hardware. TPP is an inexpensive commercial chemical commonly used as an oil 
additive and stabilizer for PVC [12]. TPP03 fuel is non-reactive and has a storage life of at least several years. Expended 
fuel is nonreactive, and nonflammable. TPPO contained in expended fuel is also a common industrial substance used as a 
flame-retardant plasticizer [ibid]. Heat release during 02(!A) production is 3-4 times less than in COIL. Real-time cooling 
could be conveniently provided by evaporation of fuel solvent and the resulting vapor may be used as diluent. XOIL system 
would have no recirculating liquid, pumps, rotating machinery, refrigeration equipment, or large heat exchangers. Figure 5 
compares essential elements of COIL and XOIL systems. 
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Figure 4. Process for extraction of O^1 A) from droplet of ozonide solution 

Fuel Parameter XOIL COIL 

Type Single fuel, liquid 2 reactants, liquid + gas 
Storage life -700 days 1-10 days (BHP) 
Storage temp. -100° C -20° C 
Feed system Atomizing injector + heater Liquid jet injector, pump, heat exchanger, 

holding tanks, real time refrigeration 

Reactivity Fresh fuel is non-reactive at storage 
temperature, spent fuel is non-reactive 

Significant 

Heat released in reaction -60 kJ/mol 150-200 kJ/mol 
Specific enerqy in fuel 25-50 kJ/kg -30 kJ/kg 

H20 content in C^1 A) None Significant 

Figure 5. Comparison of fuels for XOIL and COIL systems 
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Our investigation shows that organic ozonides, especially TPP03, are a potential source of gaseous 02('A) for the oxygen- 
iodine laser. Using TPP03 promises significant system advantages over the C12-BHP production of 02('A) in COIL namely 
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ABSTRACT 

A new strategy for pulse oscillation of chemical oxygen-iodine laser based on a combination of a porous pipe SOG with 
an instantaneous atomic iodine generation, has been developed to seek the potential of COIL as an amplifier of the nuclear 
fusion driver. This new scheme allows one to produce a large aperture high pressure laser medium, which is favorable to the 
laser amplifier, while maintaining a minimum degradation of stored energy by water vapor. The experimental apparatus 
consists of the porous pipe SOG, an iodine donor (CH3I) injector, a flash lamp for the iodine dissociation, and an optical 
resonator. Operational characteristics of the apparatus including dependence of output energy on an iodine concentration 
was studied. As the result, the maximum output energy of 800mJ was obtained. It was also found that the CH3I was 
dissociated through unidentified chemical reaction associated with the 02('A). 

Keywords: laser fusion, chemical laser, COIL, oxygen iodine laser 

1.   INTRODUCTION 

Establishment of a new energy source for the 21st century is a most important task for the human being. The inertial 
confinement fusion (ICF) is well known as one of the promising candidates. Several types of lasers have been extensively 
studied for this application. Chemical oxygen iodine laser (COIL) can be counted among those candidates. The basic 
pumping mechanism of the COIL is as follows. An excited-state oxygen 02('A), which is an energy source of the COIL, is 
produced by a chemical reaction between an aqueous solution of H202 and a gaseous Cl2. Then an iodine atom I(2P3/2) in a 
ground state is excited to the upper state I(2Pi/2) by the 02('A) through a near resonant energy transfer, creating the 
population inversion. 

The COIL has several characteristics suitable for high energy pulse amplification. First, the chemical efficiency is very 
high because of its unique pumping mechanism. Second, there are no thermal problems to the laser medium, because it 
consists of gaseous medium, which can be easily replaced with the new one right after the laser oscillation. Therefore, 
higher repetition rate and relatively good beam quality can be realized at the same time. Third, the wavelength of this laser 
is 1.315 urn, which happens to be at the lowest optical loss region of the silica glass and is close to the wavelength of glass 
lasers (1.06 urn). Thus, the direct application of the existing wavelength conversion technology can be possible. 

In the early 90's Endo et al. had studied an instantaneous production of high pressure 02('A) using a porous pipe SOG as 
a basic study for the application written above[l, 2]. The partial pressure of 02('A) generated with the porous pipe SOG 
reaches up to 38 Torr [3]. A laser medium based on such a high pressure 02('A) allows one to realize efficient energy 
extraction by virtue of the increased energy density. A drawback for a practical use, however, has been a limited scalability 
of the active medium in the cross sectional direction, associated with the I* deactivation due to the water vapor. The 
deactivation process is so rapid that the significant part of stored energy in 02('A) can dissipates (through the near resonant 
energy transfer between 02('A) and I) faster than the filling time of large aperture active medium. 
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According to the research done by Yuryshev et al., a hybrid pulsed COIL based on an instantaneous iodine atom 
generation avoids the unfavorable deactivation [4]. We consider this approach may also be applied for the fusion driver 
system and enable us to produce the large aperture laser medium. In this study, a new strategy for pulse oscillation based on 
a combination of a porous pipe SOG with an instantaneous atomic iodine generation, has been developed. The pulse 
oscillation experiment was conducted for the basic study of this new scheme. 

2.   LIMITATION OF THE CONVENTIONAL APPROACH 

Suppose that the pulse energy is 100 kJ and a damage threshold of silica glass is 20 J/cm2 [5]. The required diameter of 
the laser medium cross section then becomes ~1 m to prevent the damage onto the optics. The gas velocity of the porous 
pipe SOG can be increased up to 300 m/sec, because of its unique 02('A) generation mechanism. Therefore, assuming 0.5 m 
of gas transportation distance, the gas filling time in the laser chamber 7 is estimated to be 1.7 msec. 

In the conventional COIL medium, the following two reactions are dominant for its energy quenching process, 

I* + H20 -> I + H20 (1) 
02('A) + I -» 02 + I* (2) 

Assuming the near resonant energy transfer between 02('A) and I*, stored energy lifetime r is given by, 

r=4_l_[01] 
3 A[H20] [I2] 

where k is rate a constant of the reaction (1). It is obvious from the eq.(3) that the stored energy lifetime is inversely 
proportional to the I2/02 ratio. Therefore, I2 concentration must be kept small enough to maintain the longer lifetime. 
Assuming k = 1.9x 10-12 cm3/s and 1 Torr of H20, the I2/02 ratio satisfying the condition of r<z-would be 

I2/O2<~0.01 (4) 

From the above estimation, the part of the stored energy which can be extracted per one-pass of the light pulse, is limited 
to only 1 % of all the stored energy, since the COIL is the 02('A)-I energy transfer laser. As the result, more than a hundred 
of round trips may be required to extract all the stored energy from the laser medium. Such a large number of round trips 
may cause a large optical loss, which makes the application of COIL unpractical. 

In this study, a-new strategy for pulse oscillation based on a combination of a porous pipe SOG with an instantaneous 
atomic iodine generation, has been developed. Iodine donors used in this approach (such as CH3I, CF3I and etc.) are 
chemically stable to 02(

1A), causing no quenching during the mixing process. As the result, number of optical passes can be 
reduced by increasing the I/02 ratio, which, in this approach, is independent from the stored energy lifetime. Therefore, this 
new scheme allows one to produce a large aperture-high pressure laser medium, while maintaining a minimum degradation 
of stored energy due to the water vapor. 

3.   EXPERIMENTAL SETUP 

Figure 1 shows the schematic drawing of the experimental apparatus. It consists of a singlet oxygen generator (SOG), 
CH3I injectors, a cavity arms with laser mirrors, a Xe flash lamp, and measurement devices. 

The SOG consists of a solution tank, a chlorine tank, and a porous pipe on whose surface 02('A) generation occurs. The 
dimension of the SOG is 1200 mm long, 90 mm wide, and 150 mm in height. The solution, consists of 48% H202 and 45% 
KOH is fed to SOG before the experiment. In the SOG, a porous pipe of 1000 mm long, 70 mm o.d., and 110 mm average 
pore is supported by a perforated inner tube and is rotated by a motor (90 rpm) to wet its surface uniformly. There is an 
CH3I injector just above the SOG. A pre-chamber which contains mixture of CH3I and nitrogen gas is connected to the 
injector designed to provide the mixture into the laser cavity. The laser cavity, 1900 mm long and 30 mm<j> in diameter is 
directly connected to the SOG. The entire system is evacuated and kept under 0.5 Torr by a vacuum pump. The flash lamp, 
400 mm long, 5 mm((> i. d. and made of silica glass, is used for the CH3I photodissociation. Xe gas is filled at 60 Torr in the 
tube. 
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flash lamp The operation is conducted as follows: first, V2 is kept open, 
VI and V3 are kept closed, the Cl2 tank contains 1-3.5 kg/cm2 of 
pure chlorine gas, and the pre-chamber contains mixture of CH3I 
and nitrogen gas. Immediately after the V2 was closed, the VI 
and the V3 are opened simultaneously. The Cl2 gas is injected 
into the inside of the porous pipe at a blast through the perforated 
inner tube, causing the reaction on the surface of the pipe 
allowing singlet oxygen to fill the upper volume of the system. 
Since VI and V3 are the pneumatic high-speed butterfly valve, 
these are opened within 50ms. As the mixture of 02 and CH3I 
fills the upper volume of the system, Xe lamp emits intense UV 
radiation to dissociate the CH3I. The VI, the V3, and the Xe lamp 
are synchronized and controlled by a delay circuit to optimize the 
laser oscillation. After the operation, the pressure of the system 
reaches the constant value and V2 is opened to evacuate the 
whole system again. 

The laser output energy is measured using a joule-meter. The 
pulse waveform is monitored using Ge photodiode with 1.315 urn 
bandpass filter and ND filters. The Spontaneous emission of the 
02('A) is detected using Ge photodiode with 1.27um bandpass filter. I* fluorescence is also detected by Ge photodiode with 
the 1.315um bandpass filter. Each of the detected signals is monitored with oscilloscope and recorded by a PC. 

CHjI cell 

Schematic drawing of the experimental apparatus 

4.   RESULTS AND DISSCUSSIONS 

Figure 2 shows the observed pulse waveform. Maximum 
output energy of 800 mJ was obtained and the pulse 
duration was approximately 2 msec. 

Figure 3 shows the laser output energy as a function of 
CH3I pressure. It was observed that the output energy 
increases as the CH3I partial pressure. However, above the 
certain level of CH3I pressure, output energy went into 
decline. In addition, surprisingly, the laser oscillation was 
not triggered by the flash lamp ignition, but started 
spontaneously. From these observed facts, it is 
hypothesized that laser oscillation is not achieved by 
instantaneous iodine generation based on the UV 
photodissociation, but some unknown chemical reaction 
processes. If the laser oscillation is triggered by UV 
photodissociation, the laser output energy should not 
decrease at the higher CH3I pressure region as long as the 
complete photodissociation is assumed. 

Spontaneous emission of 02('A) was observed both in the absence and the presence of CH3I, in order to identify the 
above hypothesis. The result is shown in Fig. 4. In the presence of CH3I, strong fluorescence was observed even in the 
absence of the flash lamp ignition. We presumed that the spontaneous emission of I* is generated by some chemical 
reactions. It was also observed that the rapid quenching of stored energy occurred after the strong fluoresce. According to 
this fluorescence measurement, it was revealed that the CH3I was dissociated through unidentified chemical reaction. 

At this moment, two possible dissociation processes may be considered. The first one is associated with the three-body 
reaction including the chlorine [6]. The second one would be the direct CH3I dissociation by the 02('A). 
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Fig. 2 Laser pulse waveform 
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According to the Yuryshev's papers [6], the CH3I is chemically inert with respect to 02('A) and, therefore, no indication 
of CH3I dissociation by 02('A) has been reported within our knowledge. In our experimental condition, on the other hand, 
partial pressure of the 02('A) is approximately ten times higher and that might cause a significant difference in the 
dissociation processes. 
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5.   CONCLUSIONS 

Research on a high pressure photodissociation COIL was conducted. The first laser apparatus was developed and tested 
for a laser oscillation. The laser oscillation using alkyl iodine (CH3I) as an iodine donor was achieved. The output energy 
was 800 mJ and the pulse duration was 2 ms. According to the I* fluorescence measurement, it was found that the CH3I was 
dissociated through unidentified chemical reaction. We assumed that the 02('A) played an important role in the dissociation 
process. In order to check the above assumption, it is necessary to improve the utilization to examine whether chlorine 
contributes to the dissociation reaction or not. In addition, use of other iodine donors may prevent the chemical 
reaction-based iodine generation. 

ACKNOWLEDGEMENT 

Authors would like to express their sincere thanks to Prof. Kanno of Tokai University for his beneficial consultation in 
fabricating the Xe flash lamp. 

REFERENCES 

1. M. Endo, K. Kodama, Y. Hanada, and T. Uchiyama, "Theoretical Study of a New Energy Extraction Scheme of a 
Chemically Pumped Pulsed Iodine Laser Amplifier", Appl. Phys. B 56, pp.379-384, 1993. 

2. M. Endo, K. Shiroki, and T. Uchiyama, "Chemically pumped atomic iodine pulse laser", Appl. Phys. Lett, 59, 
pp.891-892, 1991. 

3. M. Endo, K. Kodama, Y. Hanada, and T. Uchiyama, "Performance characteristics of a high-pressure pulsed singlet 
oxygen generator", J. Appl. Phys. 71, pp.5760-5767, 1992.N. G. Basov, N. P. Vagin, P. G. Kryukov, D. Kh. 
Nurligareev, V. S. Pazyuk, and N. N. Yuryshev, "Molecules of CH3I and M-C3F7I as iodine atom donors in a pulsed 
chemical oxygen-iodine laser" Sov. J. Quantum Electron. 14, pp. 1275-1276, 1984. 

5. X. Liu, D. Du, and G. Mourou, "Laser Ablation and Micromachining with Ultrashort Laser Pulses",/£££ J. Quant. 
Electron., 33, pl706, 1997. 

6. N. P. Vagin, P. G. Kryukov, V. S. Pazyuk, and N. N. Yuryshev "Influence of chlorine on the energy stored in the active 
medium of a pulsed oxygen-iodine chemical laser" Sov. J. Quantum Electron. 18, pp.1114-1117, 1988. 

ProcSPIE Vol. 4184 127 



Experimental Investigation on COIL with Pipe-array 
Jet-type C^A) Generator 

Liu Wan-fa, Chen Fang, Han Xin-min, Sang Feng-ting 

Dalian Institute of Chemical Physics, Chinese Academy of Sciences 
P.O.Box 110-7, Dalian 116023, China 

ABSTRACT 

A series of experiments were done on COIL with a pipe-array jet-type 02('A) generator. The investigation emphasized on 
the performance, parameters and relative techniques of the generator. A chemical efficiency of 20.6% was obtained. 

Keywords: COIL (Chemical Oxygen-Iodine Laser), Jet-type Singlet Oxygen Generator (JSOG), Pipe-array 

1.    INTRODUCTION 

Acting as an energy-source, the singlet oxygen generator (SOG) perhaps is the most important (and most difficult) part for a 
chemical oxygen-iodine laser (COIL). Several generations of the SOG have been developed since its debut'. Gradually, the 
jet-type singlet oxygen generator (JSOG) becomes one of the highlights of the COIL in recent years 2'3. 

We have theoretically investigated the JSOG with experimental validation **. Generally, the dominant parameters in the 
generator are the utilization of chlorine (Uca) and the yield of delta oxygen (Y&) which can be expressed as follows: 

tfa2=l-c„ 0) 
f the residual Cl2 in the gas-phase near the exit of the generator. In a 

c,g =YJ
A

" exp(-a2<a„2/)cos(«„r) (2) 

where clg is the normalized average concentration of the residual Cl2 in the gas-phase near the exit of the generator. In a 
cylindrical coordinate system 4, c/g can be written as 

where a
2 = —- (3) 

v, 
Dg—the diffusion coefficient in the gas-phase 5 

vg — the velocity of the gas flow (Cl2+He) 
The eigenvalue ß„ of equation (2) complies with 

k„d ... 

mHDg 

in which kq — the mass transfer coefficient in the liquid-phase 
d—the equivalent distance from the gas-liquid(jet) interface to the center of the gas-phase (i.e. the center of the 

adjacent BHP columns in a unit volume considered.) 
THH—Henry's constant 

And a>n=— (5) 
"      d K ' 

*«=-j\fOS(fi>nr)dr 

y.= TT1  (6) 

1+_^! U°i     +U    kP    — 
-    <»)..„    1     TT      +UChKprCh 

where 
VVi-Ufl,      2 p  2K 

k, = 3.07xl06 cm3/moles 
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/fc, = 5.5x10V 

C
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HO2—the initial concentration of HO: 

.6,7 

P, CI2- 

the equivalent quenching rate 
the mass transfer coefficient in the gas-phase 

—the partial pressure of residual Cl2 

Although the JSOG features high efficiency, small volume and no cold-trap, etc., we found that the JSOG has some 
shortcoming — in order to get ideal BHP (basic hydrogen peroxide) jet, rigorous manufacture is required for the plate with 
BHP inlet orifice; the driving pressure of the BHP jet (before the Met) is rather high (several arm), therefore few type of 
pump can meet the needs of the BHP circulation (from tens of torr to several arm); and the utilization of the BHP is not 
high in the unit time, indicating a large amount of BHP liquid needed for a circulation (due to a far-thin-surface reaction 
between BHP and Cl2). 

To avoid these difficulties, we developed another type of JSOG using pipe-array (PJSOG) to replace the plate-type "shower- 
head". A series of experiments were performed on the COIL with this PJSOG. 

2.    EXPERIMENT 

2.1. Experimental setup 

In Fig.l, (a) and (b) are the right-view and side-view of the layout of COIL with PJSOG respectively. 

Cold Trap (optional) 

Pump 

Gas/Liquid separator 

Pipe array 

BHP pump 

Fig. 1 The experimental setup of COIL with a PJSOG 

Fig.2 shows the arrangement of the pipe-array. The outer-diameter of each pipe is 6mm with the thickness of 1mm of the 
pipe-wall. There is a raw of small holes (<|> 0.7mm) in each pipe to form the BHP jet. The BHP driving pressure is 0.6- 
0.7atm.  The operating parameters of the PJSOG are listed below. 

Fig.2 Arrangement of the pipe-array 

Cl2 flow rate 250 mmol/s 
He flow rate lOOOmmol/s 

PJSOG volume 4L 
PJSOG total pressure 30-50 torr 

Specific surface area of BHP jet 1.5-3.0 cm' 
Initial concentration ofH02~ 6.7mol/L 

Velocity of BHP jet 5-7 m/s 
Velocity of gas flow 20-40 m/s 

Coefficient of mass transfer in liquid phase 12.3 cm/s 
Initial BHP temperature 250-263 K 

Utilization ofCl2 60%-96% 
Yield of O/A) 35%-57% 
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2.2. Experimental results 

A series of experiments were performed on the COIL with the PJSOG. Several parameters were optimized gradually to 
improve the entire chemical efficiency of the system. The variation of some parameters vs time were monitored using 
various sensors and data collectors (Fig.3 ~ Fig. 8). 

gO. 05 

Fig.3   The variation of Cl2flowrate Fig. 4  The variation of primary He flowrate 

o 
■*-* 

u 
1-4 
a 
en u 

Fig. 5   The variation of PJSOG total pressure Fig. 6  The variation of the pressure inside iodine injector 

Fig. 7  The variation of cavity static pressure Fig. 8   The variation of output power 

For a set of optimized parameters of the COIL with the PJSOG, the corresponding output laser energy was 19.5KJ (4 
seconds), the average laser power was 4.875KW, and the chemical efficiency was 20.6%. The experiments were repeatable. 
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3.    CONCLUSION 

The PJSOG can avoid several difficulties of the conventional JSOG — it is easy to manufacture due to the simple structure; 
the driving pressure of the BHP jet is rather low (less than latm); the utilization of the BHP is high in the unit time. 

The condition to achieve the chemical efficiency of 20.6% was not perfect for the whole COIL system. We believe that the 
efficiency can be improved further by optimizing the supersonic nozzle, the injection of iodine and the optical resonator, etc. 
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ABSTRACT 
The PALS project is based on iodine photodissociation system ASTERIX transferred from the Max-Planck-Institute 
für Quantenoptik, Garching, Germany, to a dedicated experimental hall built at the Institute of Plasma Physics 
of Academy of Sciences of the Czech Republic. A novel feature of the system is a newly designed twin interaction 
chamber comprising several technical innovations. As a user facility the system was inaugurated in June 2000 and 
starting from October it will serve the users coming under the EU 5thFP "Transnational access" scheme. A brief 
description of planned upgrades of the original system is given. These include (1) implementation of adaptive optics, 
(2) replacement of the iodine master oscillator by a more flexible solid state oscillator based on fiber optics, and (3) 
a fs extension of the laser output using the OPCPA method. 

1. BRIEF HISTORY 

The first notion of the PALS project emerged in 1995 when it became clear that the MPQ Garching large facility 
ASTERIX IV would become available. The first official offer from the Directoriat of MPQ came to the Institute 
of Physics of Academy of Sciences in spring 1996. In the autumn a joint research centre PALS with the Institute 
of Plasma Physics was formed and it was decided to built for the system a new dedicated hall. The last shot took 
place in Garching in spring 1997 and in June a contract concerning the laser transfer was signed, also endorsed by 
Euratom. The clean hall ensuring a mechanical and thermal stability was built throughout 1998 while parts of the 
system were being transported from Garching to Prague. Starting from 1999 the system was being re-assembled in 
the new laboratory and a new interaction chamber for the target area was designed and manufactured. In February 
2000, while the first operational tests took place, a 5th FP contract was signed with DGXH in Brussels about the 
access of European users to the PALS laboratory. The first full energy shot came in spring 2000 followed by the 
inauguration of the system. The first users are scheduled for October 2000. 

2. CHARACTERISTICS OF THE SYSTEM 

The PALS system (fig.l) as it is now implemented in Prague is a single beam (1 kJ, diameter 29 cm) iodine 
photodissociation laser chain delivering on the target in the vacuum interaction chamber the focused power density 
up to 1016Wcm-2 in 400 ps at the fundamental wavelength 1.315 fim. A conversion by a pair of DKDP crystals to 
the 2nd or 3rd harmonics is possible with the efficiency of about 70%. An auxiliary beam (100 J, 15 cm) is derived 
from the main beam optical path after the 4th amplifier and it is introduced in the interaction area through a beam 
distribution system,2   where it can be split into two beams each independently timed. Also, a possibility for the 
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Figure 1. Scheme of the PALS system with the target area. 

main pulse to be divided in two approximately equal pulses with a denned time delay is planned. The repetition 
time of full energy shots is about 20 min. 

The interaction chamber (fig.2) for the new laboratory is an original design created in a cooperation between 
the PALS and the french LSAI (Universite Paris-Sud) and LULI laboratories. It consists of two separate vacuum 
vessels, which can be either connected or used independently. The main chamber is a spherical one (diameter 1 m) 
with a pneumatically controlled gate to safeguard an easy access to the target optical bench. The auxiliary chamber 
is a cylinder 65 cm x 1 m, which is either connected with the main chamber through a vacuum tunnel, or it may 
be disjoint and moved within the target area. The principle technical innovation of both the chamber sections is 
a double bellow compensating system, which takes care of chamber body deformation during its evacuation and 
ensures an almost absolute mechanical stability of the internal optical benches.2 

3. SCIENTIFIC GOALS 

A single beam high power laser is a flexible and universal experimental tool, which by creating extreme conditions 
inside a tiny (typically 100 m/i focal spot on the target surface, generates a hot and dense laser plasma. In 
the following some typical topics concerning the laser plasma research to which the PALS system is immediately 
applicable will be mentioned. 

Using the sufficient energy margin of the laser system PALS and, indeed, a plan to launch an x-ray laser beam in 
the main interaction chamber of the system the technique of x-ray back-lighting with a sufficient temporal resolution 
will be developed to image the phenomena close to the target surface under various regimes of laser illumination. 
A double pulse regime interaction with a defined time delay between the pulses, the amplitude ratio and also the 
colour (lw, 2w, 3w) of the illuminating laser light may be applied for the plasma generation. The aim will be a 
detailed understanding of processes which may control the smoothing of inhomogeneities induced by imperfections 
of the laser beam on the surface of directly illuminated target. This kind of work should elucidate the röle of heat 
transport in the smoothing mechanism inside the dense regions of the plasma beyond the critical surface. 

Laser plasma, especially that generated on a target with a high Z, if left to expand is a very high yield source 
of highly ionized ions. A laser ion source may be used as an accelerator injector, however, its field of application 
is broader, as the ion produced are at the same time accelerated. The laser produced ions can thus be used for an 
ion implantation either directly or with a subsequent acceleration. As substrate for the implantation metallic and 
polymer materials will be used with a careful tuning of the implantation regime to change the surface properties. 
The aim is controlling the resistance against surface wear and corrosion, coefficient of dry friction, affinity to water, 
chemical catalytic ability etc. 

Laser plasma is also a very efficient source of very intense and very short burst in the soft x-ray region. The 
unique source of these properties offers itself for various applications. Moreover, the PALS beam can be focused 
in a line focus by a cylindrical lens, which makes an operation of x-ray laser possible with the plasma column 
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Figure 2. View of the twin interaction chamber with entering laser beams 

serving as the amplifying laser medium. The beam of a soft x-ray laser has an unsurpassed brightness delivering 
a monochromatic and coherent x-ray beam to a secondary target. The dual interaction chamber of the PALS 
system has been designed for this kind of work. Among possible applications of both the kind of sources (coherent 
and incoherent) some exceed the field of pure physics and may be interdisciplinary in nature. As an illustration 
of usefulness of laser plasma x-ray sources a few examples will be mentioned. These are: (1) generation of laser 
plasma by the x-ray laser beam on a secondary target to model the plasma on the surface of cooling stellar (white 
dwarfs) and various other astrophysical objects for laboratory measurements of their fundamental properties; (2) 
experimental modelling of processes of significance for the molecular evolution in the outer space or also of the 
early Earth atmosphere; (3) radiography and interferometry of dense plasma (see above) and mapping of surfaces; 
(4) nanolithography and nanostructuring; (5) contact soft x-ray microscopy (imaging in vivo of biological objects), 
radiation damage biophysics; (6) material testing under a heavy radiation load, and many others. 

The outward streaming plasma generates on the target surface a reactive pressure, which reaches safely 1011 Pa. 
This pressure pulse causes a shock wave to propagate through the target, which can be visualized and its velocity 
measured. From the known properties of the shock wave the equation of state of the target material in this pressure 
range can be determined. A part of the experimental time will thus be devoted to a study of materials under high 
pressure. 

4. SYSTEM UPGRADES 

Adaptive optics: the PALS system being a gas laser with a short pumping pulse, which leaves the optical homogeneity 
of the gaseous active medium largely untouched, low B-integral, and a spatial filter following each amplifier is not 
so much prone to wave front deformation as e.g. solid state lasers. Nonetheless, the instruments of addaptive optics 
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Figure 3. Scheme of a proposed OPCPA amplification chain to be implemented on PALS 

may make the system less sensitive to operational error, such as insufficient pause between the shots and the like. 
It was proposed to use a deformable bimorph mirror (beam diameter 90 mm) at the output side of the third spatial 
filter combined with step motor powered tip-tilt mounts of the existing system mirrors and possibly of a gold coated 
membrane deformable mirror (37 actuators) replacing a tip-tilt mirror used with the double pass first amplifier. The 
elements of the adaptive optics will be computer controlled by using on-line date acquisition from several far-field 
monitors following each amplifier. In addition, a wave front monitor of Shack-Hartmann type will be placed at the 
end of the laser chain to control the bimorph mirror. The adaptive optics will take care of beam deformations caused 
by residual temperature gradients in the laser medium and improve the target illumination homogeneity.3 

Solid state oscillator: the present iodine oscillator of the PALS system is using an active mode locking to generate 
the first seed pulse with an impressive stability of the output (better than 1.5 %). The expert solution required, 
however, a large amount of space (oscillator table is 7 m long) and neither the existing oscillator allows for any pulse 
shaping or a generation in the region of several nanosecods. The non-linearity of the pulse propagation due to early 
saturation effects causes a certain rigidity of the generation, with the resulting pulse length below 0.5 ns. To generate 
longer or shaped pulses requires an utmost care to be taken of the seed pulse shaping. It seems that a suitable tool 
for this fairly difficult task has been found in the form of optical fiber generator as proposed for NIF. Its viability was 
demonstrated within the PHELIX project in GSI Darmstadt, Germany.4 The seed pulse is obtained by chopping 
a CW light of a diode pumped fibre laser by an acousto-optic modulator. After a preamplification it is arbitrarily 
and smoothly shaped in a modulator by applying a suitable variable voltage to obtain pulses in the 0.5 -=- 20 ns 
range. The resulting pulse of a very low energy must then be amplified in a regenerative ring fibre amplifier to a 
level of ~ 10 mJ. For the iodine laser a chain of conventional solid state amplifiers of a suitable material (forsterite) 
must follow to raise the energy to ~ 1 J before the entry to the first iodine amplifier. Other advantages of the fiber 
technique, beside a small size, is the availability of most of the key components on the telecommunications market. 

Femtosecond upgrade of the PALS system: a way towards the generation and subsequent target experiments with 
an ultra short pulse in the femtosecond region was opened by the invention of the OPCPA (optical parametric chirped 
pulse amplification) method.5 This method proved to be very promising for transferring energy from the spectrally 
narrow PALS pulse to a chirped pulse, with a sufficiently broad spectrum (generated by a minute Ti:Sapphire 
oscillator) by a process of three wave parametric interaction (fig.3). The non-linear crystal pseudo-amplifiers (LBO, 
KDP) of such a system, pumped by the red (2u>) or blue (3w) converted PALS beam would amplify the chirped 
pulse to the level of 100 J. After a compression in a vacuum chamber by a pair of large aperture diffraction gratings 
the pulse should be compressed under 100 fs and the final power would lie in the PW range.6 This is due to a 
wide transparency range of the non-linear crystals, which makes it possible for a broad frequency spectrum to be 
parametrically amplified. It is clear that if successful this upgrade of the PALS system would broaden the field of 
applications and, indeed, enter the field of new physics. Hence, it is our intention, to direct the future development 
and scientific programme of the PALS system towards this goal. 
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ABSTRACT 
The roles that rotational nonequilibrium, mixing and the optical resonator play in determining the power spectral 

performance of the cw HF laser are reviewed. Experiments and analyses that led to an understanding of these elements are 
summarized The factors that influence the overtone performance of the HF laser are reviewed. The line selected Performance 
is related to multiline performance. 

Keywords: rotational nonequilibrium, fluid element stretching, optical resonators, overtone, line selection 

1.   INTRODUCTION 

The continuous wave (cw)HF laser operates on several, generally 6 to 12, individual vibration-rotation transitions 
simultaneously. The lasing transitions occur in the 2 -* 1 and 1 -* 0 vibrational bands of the HF molecule. The 
perfonnanceofthe HF laser is characterized by the total power, the power spectral distribution and the extent to which the 
outcoupled beam can be focussedto a spot in the far field. Since the population inversion is produced by a chemical reaction 
in a flowing fluid and the energy is extracted by an optical resonator, the role each of these elements plays in determining the 
perfonnanceofthe HF laser will be examined. 

The HF laser was first demonstrated in 1967 by Kompa and Pimentel1. The first cw HF laser was demonstrated in 
1969 by Spencer, Mirels, Jacobs and Gross2. The potential for efficient generation of very high powers was apparent 
However, there were several problems that had to be solved. The chemical reactions that produced the population inversion 
were very fast, on the order of u. sec. If the chemicals were premixed, the width of the laser beam would be on the order of 
millimeters with resulting very large intensities which windows and mirrors could not survive. The exothermicity of the 
pumping reactions raised the temperature which increased the rates of deactivation of the excited HF. 

To solve the heat release and width of the lasing zone problems, the F atoms were produced in combustors and the 
flow was expanded through supersonic nozzles. The H2 was injected into the flow at the exit of the supersonic nozzles. The 
HF was formed in a low pressure, low temperature, high speed flow which reduced the HF deactivation rates and extended the 
gain region sufficiently to obtain laser beams several cm in size. Work then focussed on the best ways to mix the H2 with 
the F atoms. At the same time, extensive efforts were undertaken to understand the details of the formation and deactivation 
of the excited HF and to develop optical resonators to extract the laser beam from the flow. The fluid flow, the chemical 
kinetics and the optical resonator all interact nonlinearty. The role each of these elements play in determining HF laser 
performance will be illustrated. 

2. POWER SPECTRAL DISTRIBUTION OF THE HF LASER 

Experimental data showed that the HF laser operated on several (v,J) transitions (wave lengths) simultaneously, 
with the spectra generally peaked around J = 6, 7, 8 in both v = 2 -* 1 and v = 1 -* 0 vibrational bands. Since it was well 
known that rotational relaxation is the fastest collisional deactivation mechanism, the original models of laser performance, 
e.g., Refs. 3, 4, S, assumed the HF was in rotational equilibrium. These models were capable of predicting the correct power 
in each vibrational band. However, they allowed only one (v,J) transition in each vibrational band to läse at a time. They 
predicted a sequential shift as lasing progressed from low J to high J lines. In the early '70's, J. C. Polanyi and his students 
performed a comprehensive set of experiments on the hydrogen halides, including HF, that measured the fraction of product 
molecules that were formed in each (v, J) state for both the cold and hot reactions: 

F + H2 —   HF(v,J) + H      v = 1,2,3,     34 Kcal/mole    "cold reaction" (1) 

H+F2 —   HF(v,J) + F      v = 3,4,5,6,   67 Kcal/mole   "hot reaction'' (2) 

The resulting distributions for the cold reaction are shown in Fig. 1.   The data showed that the product molecules were 
produced in a decidedly nonequilibrium distribution over both rotational and vibrational states.   At this time computer 
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speeds had increased to the point where it was feasible to set up a kinetic model that treats each(v,J) state of the HF molecule 
as a separate species where the nacent distribution was that measured by Polanyi and coworkers. This approach was 
implemented by Hough and Kerber8 for the pulsed laser and by Sentman9 for the cw laser. For the cw case, 21 J states in v 
= 0, 1, 2, that is, 63 states for the lasing molecule, are followed. The results of these models were the prediction of 
simultaneous lasing on many (v,J) lines in each vibrational band, in agreement with experiment, Fig. 2. When the 
rotational relaxation rate constants in these models are increased by a factor of 10 above the measured values, the rotational 
nonequilibrium models reproduce the results of the rotational equilibrium models. Since these models showed that it was 
necessary to fellow the individual (v,J) states of HF, an extensive effort by many researchers to measure the J dependence of 
the deactivation rates for HF followed. 

The computer models still predicted significant power in the higher vibrational bands that are populated by the hot 
reaction. Particularly in the cw case, under certain conditions some power is observed in the 3 -» 2 band, but generally no 
power occurs in the 4 -► 3, 5 -* 4 or 6 -» 5 bands. Polanyi and coworkers performed a set of chemiluminescence 
depletion with mass spectrometry experiments that allowed them to measure the relative rates for the deactivation reactions: 

HF(v,J) + D —F + HDand—H+DF   forv = 3, 4, 5, 6 (3) 

These measured rates showed that these reactions deactivated the HF(v = 3 - 6) as fast or faster than the pumping reactions 
produced it. When these reactions were incorporated into the kinetic models, the predictions of which vibrational bands 
lased were in agreement with data. These collisional decomposition reactions are the reason it has not been possible to 
construct a cw HF laser that utilizes the hot reaction. 

The essential rotational nonequilibrium kinetics required to model the HF laser are: 

Pumping Reactions 
F + H2 — HF(1,J) + H (4) 
F + H2 — HF(2,J*) + H (5) 
F + H2(0)oHF(3)+H (6) 
F + H2(l)— HF(3) + H (7) 
F2 + H — HF(3) + F (8) 

Collisional Deactivation Reactions 
HF(1,J) + M o HF(0,Jm) + M (9) 
HF(2,T) + M o HF(1,J) + M (10) 
HF(3) + M o HF(2rT) + M (11) 
H2(l)+HoH2(0)+H (12) 
whereM = HF, F, H, H2 andDF 

Multiquantum Deactivation Reactions 
HF(2rT) + M — HF(0vT) + M (13) 
HF(3) + M — HF(1,J) + M (14) 
HF(3) + M — HF(0,Jm) + M (15) 
where M = HF, F, H and DF 

Collisional Decomposition Reaction 
H + HF(3) — H2 + F (16) 

W Transfer Reactions 
H2O) + HF(2 J) o H2(0) + HF(3) (17) 
H2(l) + HF(1 J) <* H2(0) + HF(2,T) (18) 
H2O) + HF(0,Jm) «► H2(0) + HF(1,J) (19) 
HF(1,J) + HF(2rT) o HF(0,T) + HF(3) (20) 
HF(2,r) + HF(2,r) o HF(U) + HF(3) (21) 
HF(1J) + HF(U) <* HF(0,r) + HF(2rT) (22) 

Rotational Relaxation Reactions 
HF(2rT) + M o HF(2,J) + M (23) 
HF(1,J) + M o HF(1>J

T*) + M (24) 
HF(0Jm) + M «* HF^V) + M (25) 
where M = HF, F, H, H2, F2, DF, He, Ar 
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The H2 in Eqs. (4) and (5) is H2(0) + H2(l). The species denoted by Ar is included to take account of any other 
combustion or dissociation products that may be present in the mixture and which would contribute to the rotational 
relaxation but not the collisional deactivation of the lasing species. 

3. MIXING MECHANISMS OF THE HF LASER 

At the same time as the kinetic studies were underway, extensive efforts to determine the "best" ways to fluid 
dynamically mix the F and H2 were under taken. The initial devices used alternating primary and secondary slit nozzles at 
the exits of which the two streams began mixing. In these devices the mixing was two dimensional, diffusive where the 
mixing layer grows ~ Vx. Photography of the flow showed that the mixing was slow and that the primary and secondary 
streams were not fully mixed beforethe fluid exited the laser resonator, Fig. 3a. Various schemes were tried to increase the 
rate of mixing. One of the most successful schemes injected interleaved jets of He near the exits of the primary and secondary 
nozzles, Fig. 4. These jets, denoted trip jets, caused a rapid increase in the rate of mixing and about a factor of two increase 
in power. The mechanism by which this occurred was determined by Driscoll in a series of papers in the AIAA Journal ' ' 
,3. Using laser induced fluorescence, Driscoll showed that the trip jets introduced fluid element stretching which 
dramatically increased the surface area of contact between the primary and secondary streams which increased the rate at which 
they mixed, Fig. 3b. Driscoll showed that the same effect could be obtained by putting alternating, interleaved solid ramps 
at the exits of adjacent nozzles, Fig. 5. The logical development of the trip jet concept lead to eliminating the secondary 
nozzle and injecting the H2 directly into the primary flow near the exit of the nozzle. To shield the H2 from the primary flow 
until it exited the nozzle, a He jet was placed immediately upstream of the H2 jets. This is illustrated in the TRW HYLTE 
nozzle14, Fig. 6. 

Another scheme that mixed efficiently was called the double axisymmetric nozzle. This was a conical hole primary 
nozzle around the exit of which the H2 was injected from a concentric circular slit This is illustrated by the Bell Aerospace 
Textron BCL-13 nozzle15, Fig. 7. These nozzles were excellent performers. 

At this time system studies indicated that a cylindrical geometry forme gain generator was the best way to package 
a laser mat was to be put into orbit. The manufacturing problems associated with constructing the double axisymmetric 
nozzles on the surface of a cylinder resulted in this technology not being persued. It was easier to construct slit nozzles with 
trip jets out of circular rings which could be stacked together to form the gain generator. The TRW hypersonic wedge nozzle 
used in the ALPHA laser is an example16, Fig. 8. 

4. OPTICAL RESONATORS FOR THE HF LASER 

The three basic resonators that can be employed on the HF laser are the Fabry-Perot (plane parallel mirrors), the 
staple (two concave or concave and a flat) and the unstable ( a concave and a convex). In the Fabry-Perot resonator there is no 
upstream - downstream coupling of the gain medium. In the staple resonator, there is complete upstream — downstream 
coupling of the gain medium across the optical axis. In the unstable resonator, mere is partial coupling of the gain medium, 
from the optical axis upstream and from the optical axis downstream, but not across the optical axis. These differences 
determine the degree of difficulty involved in including the resonator in the kinetic-fluid dynamic model of the laser. 

The Fabry - Perot and stable resonators use partially transmitting mirrors to extract power from the laser. An 
unstable resonator uses a reflective optic, the scraper mirror, to extract power from the laser. Since transmissive optics are 
unable to survive at the 100's ofkilowatt power level, unstable resonators are usually used to extract power from high power 
HF lasers. The outcoupled beam from an unstable resonator generally has a hole in it so mat some of the radiation can be fed 
back into the resonator to keep the lasing process going. The problem is to design the unstable resonator to produce an 
outcoupled beam with a uniform phase so it can be focussed to a spot in the far field. Since diffraction effects play a major 
role in the performanceof an unstable resonator, the resonator must be designed with a wave optics code. At a minimum, 
these models are two dimensional, and in most cases, a three dimensional wave optics model is used. 

Coupling the rotational nonequilibrium kinetic - fluid dynamic model with the wave optics model of the unstable 
resonator or the geometric optics model of the stable resonator requires an iterative procedure. Since the flow and optical axes 
are perpendicular to each other, the computer models are coupled in an iterative fashion. An initial guess at the intensity 
distribution on each line is used to run the fluid dynamic- kinetic model to obtain the gain distribution on each line. Then 
the optics model propagates the initial guess of the intensity distribution on each line one round trip through the resonator. 
Each time the optical wave passes through the gain medium, the intensity distribution is modified by the gain distribution 
from the preceding fluid dynamics - kinetics calculation.   After the round trip through the resonator, the new intensity 
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distribution is used in the fluid dynamic - kinetic model to recalculate the gain. When the changes in I and a are less than 
e, the procedure has converged.   The resulting power, spectra and intensity distributions agree very well with data. 

It is posssible for a time dependent oscillation to occur on lines whose saturated gain does not fill the unstable 
resonator17, Fig. 9. The period increases as the magnification of the resonator decreases and the amplitude increases as the 
fraction of the resonator filled by the line decreases18. The oscillations do not occur if the gain medium is strongly coupled 
to the optical fields difftactively(NF < 3) or geometrically (n,, > 3.8). 

With appropriate fluid dynamic, kinetic and optical models, it is possible, in theory at least, to predict laser 
performance as various aspects of the laser design are changed 

Prior to the development of the cylindrical gain generator, the lasers were rectangular and the optical resonators were 
developed to extract power from rectangular gain regions. The cylindrical gain region produced by the cylindrical gain 
generator required the development of an entirely new resonator to extract the power. This resulted in a class of resonators 
denoted High Extraction EfficiencyDecentered Feedback Annular Ring Resonator19 (HEXDARR), Fig. 10. Testing on the 
ALPHA laser has demonstrated good performance for the HEXDARR  . 

5. HF OVERTONE PERFORMANCE 

The most recent development of the HF laser was the demonstration of lasing on the first overtone Av = 2 (v = 2 -* 
v = 0) transitions between 1.3 - 1.4 u. The cw overtone was first demonstrated by W. Q. Jeffers21 of Helios, Inc, which 
holds the patent on the HF overtone laser. An extensive series of experiments by Helios , UR7C and TRW 
demonstrated that 60% - 90% of the fundamental power is obtainable on the overtone, the overtone is optimized by the same 
flow rates as the fundamental, overtone efficiency is independent of mode volume and whether the mixing is slow or fast 
Since the overtone is a low gain system, aOT - (l/80)anjND, to suppress fundamental lasing, mirror coatings must be less 
than 1% reflective over the fundamental wavelenghts and highly reflective (>99%) over the overtone wavelengths. 
Optimization of the output power24 requires careful selection of the reflectivity of the resonator mirrors as a function of their 
absorption/scattering losses, Fig. 11. The overtone mirror design problem lead to the development of uncooled silicon 
optics. Measurements of the fundamental gain while lasing on the overtone25 [P20(7), P2o(8)> P2o(9), P20OO)] showed that 
lasing on the overtone suppressed the gains of the low J lines Pi(4-6) and P2(4-6) 41% - 96% and suppressed the gains of the 
high J lines Pi(7-9) and P2(7-9) 3%-44% for a well saturated overtone laser. The high J lines are suppressed because their 
upper or lower levels are directly invoved in overtone lasing. The upper levels of the P2(7-9) lines are depopulated and the 
lower levels of the Pi(7-9) lines are populated by overtone lasing, which decreases their gains. The low J P2 lines are 
suppressed26 because overtone lasing depopulates the high J v = 2 states which blocks the rotational relaxation that populates 
the low J v = 2 states which decreases the gains of the P2(4-6) lines. The low J Pj lines are suppressed because overtone 
lasing populates the high J v = 0 states which increases the rotational relaxation that populates the v = 0 low J states which 
decreases the gains of the Pi (4-6) lines. 

6. LINE SELECTED PERFORMANCE 

To operate the HF laser in a multiple line selected mode, a grating is incorporated into the resonator in the off- 
Littrow orientation27. In an unstable resonator, the feedback mirrors are placed at the locations of the positive first order 
diffraction of the desired lines. In a stable resonator, one line can be selected in the Littrow orientation and the remaining 
lines selected by placing mirrors at the locations of the positive first order diffractions of the desired lines. The possible line 
combinations are dictated by the grating equation. The grating characteristics, ruling and Blaze angle, are selected to permit 
only first order diffraction and to keep the grating incident angle < 57° for the wavelengths of interest Experiments by 
Aerospace Corp.28 and UIUC29'30 have shown that 55% - 80% of the multiline power can be obtained by operating the HF 
laser in the line selected mode on two to four lines. 

7. CONCLUDING REMARKS 

The rotational nonequilibrium distribution produced by the pumping reaction is primarily responsible for the power 
sprctral distribution of the HF laser. The basic kinetic processes of the HF laser are fairly well understood. The rate 
constants for the major kinetic processes are known. Some of the energy transfer/redistribution rate constants are less well 
known. 
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Mixing is the mechanism that is primarily responsible for the power of the HF laser. The basic fluid dynamic 
mechanism that controls the mixing of the reactants is fluid element stretching. Laser design uses this understanding to 
optimize laser performance for the mission the laser is to perform. 

Resonators that efficiently extract the energy from the gain medium in a beam that can be focussedto a spot in the fir 
field have been demonstrated for cylindrical as well as rectangular gain media. 

Efficient overtone lasing has been demonstrated. The processes responsible for the suppression of the fundamental 
gain while lasing on the overtone have been identified. 

Efficient line selected operation of the HF laser has been demonstrated for both stable and unstable resonators. The 
grating characteristics required for efficient line selected operation have been identified. 

The majority of the experimental test time on high power lasers has been devoted to demonstrating scalability to the 
very large powers required forthe weapons application. Little time has been spent optimizing a given laser. 

On the other hand, the HF probe laser has been developed and well engineered. This is illustrated by Helios which 
started with die initial designs of Hinchen (United Technologies) and Spencer (The Aerospace Corp). These were IS cm 
gain length devices that produced ~ 5 watts multiline power. After some 10 years of engineering, the same 15 cm device 
produced ~ 40 watts mutiline power, an 8 fold increase. 
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Figure 1. Comparison of the pumping distribution and the 
power spectral distributions of two cw HF lasers. The open 
bar is from an Aerospace laser; the hatched bar is the CL-XI 
laser. 
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Figure 3. Flow visualization of effect of trip jets and ramps on 
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Figure 4. Trip nozzle flow field 
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Figure 8. TRW hypersonic wedge nozzle used in the ALPHA 
laser gain generator   . 
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ABSTRACT 

The results of experimental and theoretical investigations on a pulsed, chemical e-beam pumped, non-chain HF laser 
with a 25 1 active volume are submitted. It is shown that there are conditions of anomalous behavior of the output radiation 
which could be explained by the existence of a space-charge effect in the plasma. 

Keywords: non-chain HF laser, efficiency, laser energy, electron beam pump, radiation. 

1.   INTRODUCTION 

Non-chain HF/DF chemical lasers are high efficient sources of coherent radiation in near infrared spectrum region (k 
= 2.6-5 um). A large number of spectral lines covering the absorption spectrum of many atmospheric pollution and 
technological products makes such lasers as universal sources of radiation in systems for ecological and technological 
monitoring. For pumping these lasers are usually used electric discharges or electron beams. E-beam pumped chemical laser 
is more convenient for obtaining of a kilojoule level of output energy. In case of HF laser, SF6-H2 gas mixtures are typically 
used. In papers [1-2], anomalies of e-beam propagation in electronegative gases were found when the length run of electrons 
reduces leading to locking of the electron beam. In paper [3] it was shown that when the SF6 is pumped by an e-beam, there is 
an anomalous behavior of the deposited energy. Namely when the gas pressure is increased more than 5.5xl04 Pa, the excited 
region was found to be smaller than in calculations. The authors supposed that this anomaly was caused by the formation of a 
large volume charge in the plasma. This is due to the small conductivity in electronegative gas. As a result the e-beam is 
locked in by the space-charge and a large amount of the electron energy is lost in working against the space-charge electric 
field. In these conditions there should be some anomalous behavior of the output parameters of the e-beam pumped chemical 
laser. 

In the present paper the peculiarities of a pulsed chemical, e-beam pumped, non-chain HF laser areas are 
investigated and the optimal conditions of the excitation of this laser are discussed. 

2. EXPERIMENTAL APPARATUS 

Experiments were carried out on the setup described in Ref. [4]. It consisted of a laser chamber, two vacuum diodes 
producing electron beams, and six high voltage ten-stages Marx generators. Each vacuum diode was powered from 3 Marx 
generators, having a stage capacitance of 0.1 uF and a charging voltage up to 80 kV. The diode explosive-emission cathode 
was made of graphite rods. Typical electron beam parameters for one diode were 450 keV maximum energy, 40 kA current 
for a pulse duration of 800 ns. Each e-beam was injected into the gas laser mixture through a 13 cm width, 150 cm length and 
50 urn thickness titanium or kapton foil supported by a steel grid. The distance between the opposite foils in the cell was 12 
cm. The laser cell had a total volume of 60 1. The laser resonator was formed by the two laser cell windows (20 cm in 
diameter, TIBr, transmissivity of 75%) and a flat outside Al-mirror. Laser mixture of SF6-H2 with 0.3-1 bar pressure was used 
in our experiments. 

The output laser energy was measured with IKT-1N (active surface 1 cm2) and TPI-2-7 (active surface 24 x 24 cm2) 
calorimeters. The pulse shape was registered by a photoresistor FSG-22 on an oscilloscope S8-14. The energy deposited in 
the gas by the e-beam was determined by the pressure jump method in pure SF6. Pressure jump was measured with a 6MD- 
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X1B pressure transducer and an oscilloscopes S8-14. Laser parameters were registered for a fresh gas mixture and the first 
shot as the laser energy decreases from shot to shot (approximately in 1.5-2 times). Additionally a calculation of the deposited 
in gas energy was realized by Monte-Carlo method, without taking into account of the volume charge in plasma. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
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First of all the optimal ratio between SF6 and H2 for the maximum efficiency and output laser energy was 
determined. This value did not essentially depend on the gas mixture pressure and the pump power. The optimal SF6:H2 ratio 
was approximately 50:1, so this ratio was used in all our experiments. 

The first series of experiments was carried out with Ti foils. In these cases we compared the HF laser parameters for 
one side pumping and for two sides pumping. The diode voltage (electron energy) remained unchanged but the injected 
charges approximately increased twofold. The behavior of the total 
laser energy from mixture pressure for two sides and one side pump is 
shown in Fig. 1. Dotted line is the calculated energy we could expect 
to obtain, adding the laser energies obtained from the first and second 
beams working separately. The behavior of the output energy in the 
case of two sides pumping was normal up to the pressure 0.7 bar, but 
beyond this value the behavior was essentially nonnormal, since the 
output energy became less than the sum of the energies obtained from 
separate pumping. The measurement of the energy deposited in the 
gas showed that its value increases up to 1 bar pressure, both for one 
e-beam and two e-beams pumping. Therefore a decrease of the output 
energy beyond  0.7 bar pressure for two  sides pump     is  also 
nonnormal with respect to the deposited energy. 

Registration of the laser beam pattern near the output 
window on thermal paper showed that the basic part of the laser 
energy was concentrated inside an area of 12x12 cm2 (approximately) 
for mixture pressure up to 0.8 bar. At 1 bar pressure a decrease of the 
energy density in the central part has appeared. The structure of the 
beam pattern was found inhomogeneous with more dark and light 
zones. Nevertheless measurements of the energy density of the laser 
output beam showed a rather good uniformity between the foils when 

we used the two sides pumping (Fig.2). For one side pumping the 
laser energy density decreased sharply from the foil to the opposite 
side, however the sum of the laser energy (dotted lines) in the center 
was lager then for two sides pumping. A second interesting fact is 
the higher laser energy level at 0.7 bar pressure in a comparison 
with 0.9 bar for all measured points. Since the pump power is higher 
at 0.9 bar, this behavior of the laser energy can be considered also as 
a new nonnormality of the e-beam pumped HF laser. 

In Fig.3 is shown the behavior of the laser efficiency as a 
function of the mixture pressure for one side and two sides 
pumping. Main points are: efficiency increases when the mixture 
pressure decreases and second, efficiency for two sides pumping is 
lower than for one side pumping when the mixture pressure is 
higher than 0.7 bar and - vice versa - efficiency for two sides 
pumping is higher than for one side pumping when the pressure is 
lower than 0.7 bar. 

In last series of experiments HF laser we increased the 
deposited pump energy (injected in gas charge) for one side pump 

and for two sides pump by changing the Ti foils with 50 urn thick 
aluminized kapton foils. Pumping energy in this case increased 

approximately in one and half times. In spite of this the laser output energy for two sides pumping (Fig.4) is practically the 
same as compared with Ti foils. This fact is the following nonnormality of the HF laser. Besides laser energy for two sides 
pumping became less than the sum of the energies obtained from each e-beam for all pressure values. Another difference is 
that fact that the decrease of the laser energy for the second e-beam pumping begun more early with respect to gas pressure 

Fig. 1.   Laser  radiation 
pressure (Ti - foil). 

Z, cm 

Fig.2. Laser radiation density versus the distance from 
the left foil at different mixture pressure. Solid line is 
two sides pump, dotted line - sum of densities in case 
of the first and second diodes working separately. 
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than in the case of Ti foils (0.7 bar instead of 0.9 bar). Laser efficiency for two sides pumping with kapton foils was less than 
with Ti foils (Fig.3). 

We have investigated the temporal behavior of the laser pulse for different conditions. The pulse duration (FWHM) 
decreased with the rise of pressure from 900 ns (gas pressure 400 mb) up to 350-400 ns (1000 mb). 

The simulation of e-beam pumping in SF6 mixture (400 mb,700 mb and 1000 mb) by Monte-Carlo method has been 
carried   out.   A   better   agreement   between   the   simulated   and 
experimental values of the gas deposited energy has been obtained for 
lower pressure. While increasing the pressure from 400 mb up to 1000 
mb the agreement was worse as the calculated deposited energy 
increased more quickly than the experimental one. 

Finally we would like to discuss the nonnormalities of HF 
laser and try to explain them. Basic peculiarity of HF laser is the high 
attachment of electrons in the plasma by the SF6 excited molecules. 
This leads to a decrease of the electron conductivity and appearance of 
the problem of compensation the space-charge brought in the gas by 
the e-beam. Due to this phenomenon appears in the plasma a high 
negative potential and a large amount of the electron beam energy is 
probably lost in the work against the electric space-charge field. 

At the beginning of our research there was the question about 
high negative potential existence in HF laser plasma and its influence 
on laser output was. The results our experiments show, that HF laser 
has many nonnormalities which could be explained by taking into 
account the existence of large space charges. 

The first fact is the decrease of the output laser energy (total 
and specific) with increase of the pump energy when working with Ti 
foil and two sides pumping (Fig. 1 and Fig.2), and for mixture pressure 
higher than 0.7 bar. May we assume that at the point 0.7 bar (critical 
point) some critical deposited energy or critical charge is reached from 
which the laser output begins to decrease. The range of pressure where 
the laser output decreases can be named critical range. In case of one side pumping the critical deposited energy is reached 

at higher pressure 0.9 bar (Fig.l). Within the normal range of 
pressure (0.4 - 0.7 bar, for two sides pumping, Ti - foil) laser 
efficiency and output energy are larger than the efficiency and sum of 
energies derived from the first and second beams working separately. 
The more uniform pump may easily explain this fact. Within the 
critical range, these parameters are less since some part of the e-beam 
energy is lost in the work against the electric space-charge field. 

In order to obtain an additional information about the 
influence of the space charge on the laser output, we increased the 
deposited pump power by changing the Ti foils with kapton foils. In 
this case, for two sides pumping the whole range of pressure 0.4-0.95 
bar became the critical range since for two sides pumping the output 
energy is less than the sum of energies due to the first and second 
beams working separately (Fig.4). As the electric space-charge field 
increased, the electrons began sooner to loss larger energy in working 
against this field and the laser efficiency (Fig.3) decreased in a 
comparison with Ti foils experiment. An important proof of the 
space-charge influence at the laser output is the shape of the laser 
pattern for two sides pump and one side pump. It appears that in case 
one side pumping, the area of the laser pattern from one e-beam is 
greater, thus indicating a lower space-charge field and a lower loss of 

e-beam energy in comparison with two sides pumping. 
From our point of view the obtained results show that the space-charge field exists and influences the laser output. 

For our experimental conditions, with two sides pumping, the critical point corresponds to a specific deposited pump energy 
of 60-70 J/l. This specific pump energy corresponds to the critical charge value of 2x10"4 C/l. 

Pressure, bar 

Fig.3. Laser efficiency as a function of the mixture 
pressure. Open squares - kapton foil, other - Ti foil; 
solid curves - experiment, dotted curves - 
calculation; squares and triangles - two sides pump, 
circles - one side pump; down triangles - calculation 
from specific energy. 
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Fig.4. Laser radiation energy versus the mixture 
pressure in case kapton foil. Dotted line is sum of 
energy of the first and second diodes pump. 
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Besides the experiments we carried out a simple estimation of the space-charge field for the following conditions: 
mixture pressure - 1 bar, quantity of e-beams - 2, foils - Ti, total e-beams current density through foils I = 20 A/cm2, I = 
plasma electrons current density + plasma ions current density. 

As a result we obtained: electron concentration in plasma - 1012 cm'3, ions concentration - 5xl016 cm"3. Electron 
drift velocity 107 cm/c - current density is 3 A/cm2 (E/p=17 kV/cm bar). Ion drift velocity 103 cm/c - current density is 15 
A/cm2 (E/p=17 kV/cm bar). Electron and ion current density is 18 A/cm2 (near to 20 A/cm2). The space charge produces an 
electric field of about 17 kV/cm (potential in center of chamber is about 100 kV). In such a case an e-beam with energy of 
about 300 keV (our real beam) will lose about 30% of its energy in working against the electric space-charge field. If we look 
on the behavior of the output laser energy versus mixture pressure (Fig.l) it is possible to see that the output energy at 1 bar 
decreased approximately 30% (if we extrapolate the curve up to energy 90 J). 

In spite of the influence of the space charge on the laser output in the critical range, HF laser could successfully 
work in the normal range. In our case this was realized with Ti foils and two sides pumping at mixture pressure less than 0.7 
bar and for one side pumping at mixture pressure less than 0.9 bar. An efficiency of 4-5% and a specific laser energy of 4 J/l 
could be obtained. We suppose that the laser efficiency might be increased if we decrease a little the e-beam current density 
and increase a little the diode voltage and the active volume dimension (distance between the foils) with respect to our 
experimental conditions. 

4. CONCLUSION 

In the present paper experimental and theoretical research on a pulsed chemical e-beam pumped HF laser with 25 1 
active volume using the non-chain reaction have been carried out. Laser parameters as a function of the current density, the 
electrons energy, the mixture pressure and the mixture composition were investigated. The basic results of these research are 
the following. 
1. It has been shown that space-charge could be formed in the active media of a e-beam pumped HF laser. The space- 

charge created electric field decreases the useful deposited pump energy. The basic proof of the space-charge existence 
and its influence on the laser output is as follows: 
- decrease of the laser energy and efficiency for two sides pumping with Ti foils (mixture pressure > 0.7 bar) and kapton 

foils (pressure 0.4-0.95 bar) in comparison with the sum of the energies obtained from the first and second beams working 
separately; 

- decrease of the specific laser energy and laser efficiency in case of deposited pump energy increase (change of the 
pressure with 0.7 bar on 0.9 bar, Ti foils, two sides pump); 

- decrease of the generation range with the increase of the deposited pump energy (case with kapton, one side pumping 
and two sides pumping). 
2. A critical value of the deposited pump energy (injected charge) was found (corresponding to the beginning of the 

decrease of the laser energy). For our experimental conditions the critical deposited pump energy equals 60-70 J/l 
(critical injected charge equals 2x10"4 C/l). 

3. On the basis of our results it can be concluded that for effective pumping a chemical HF laser by e-beam, using a non- 
chain reaction, it is necessary to have a pumping level lower than some critical value. In this case it is possible to excite 
large active volumes and to obtain kilojoule laser output energy. 

REFERENCES 

1. Ramirez I.I., Prestwich K.R., J. Appl. Phys., 50, p.4988-4995, 1979. 
2. Grabovsky E.V., Denisenko V.P., Jivotov V.K. et al., Sov.JTF, 49, X°10, p. 2224-2226, 

1979. 
3. Bashurin V.P., Velikanov CD., Dovgy A.Ya. et al., Sov. J. Papers of Academy Sciences USSR, 

287,^23, p. 614-618, 1986. 
4. Yu. I. Bychkov, N. G. Ivanov, V. F. Losev et al., Kvantovaya Elektron. (Moscow) 17, p. 300-303, 1990. 

148 ProcSPIE Vol. 4184 
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ABSTRACT 

Energy, temporal and spectral characteristics of HF-laser pumped by non-chain chemical reaction initiated by 
radially converging e-beam, planar e-beam and non-self-sustained discharge have been investigated. The major channels of 
vibrationally excited HF molecules formation have been analysed. It has been confirmed that the high efficiency (~ 10 %) of 
non-chain HF laser can be reached only by simultaneous atomic and molecular fluorine formation under the action of 
e-beam and molecular fluorine participation in the inversion releasing process. It is shown that the laser pulse has a complex 
spectral-temporal structure caused by consecutive generation of the P-lines ~P2—>Pi—>P3—>P4—>P5—>P6 and overlapping of 
the rotary lines of the same oscillatory band and separate oscillatory lines during a pulse of radiation. With e-beam pumping 
of a 301 active volume laser, the output energy as high as 115 J and efficiency with respect to e-beam energy deposited into 
gas mixture up to 8 % were demonstrated. The optimal gas mixture SF6 : H2 = 8 : 1 under pressure of 0.45 arm has been 
obtained. At pressure 1.1 arm and non-uniform output distribution, total laser energy and efficiency with respect to e-beam 
energy deposited into gas were found to be up to 200 J and 11%, respectively. Use of e-beam initiated low pressure pulsed 
discharge for excitation HF molecules leads to increase of radiation energy in 2.8 times. Also investigations on zeolite-based 
different absorbents influence on energy stability of HF-laser are presented and radiation energy decay after 10 shoots not 
more than 15-20 % is gained. 

Keywords: HF-laser, spectrum, efficiency of generation, e-beam and discharge pumping 

1.   INTRODUCTION 

Use of e-beam at chain and non-chain chemical reaction initiation in HF-lasers allows to excite large volumes of active 
media and obtain significant energies of radiation 1,X3. The most high efficiency values and radiation energies are being 
achieved in chain reaction pumped chemical lasers. With HF-lasers practical use one needs to have not only high energy 
parameters at single pulse mode but also safety and convenient conditions to work, and in some cases pulsed periodical laser 
mode. From this point of view, non-chain lasers operating on SF6 with H2 or D2 mixtures or their complexes at the condition 
of achievement with them of sufficiently high efficiencies (10 % and higher). 

The present paper reports the experimental results on investigation of the main factors which influence on efficiency of 
non-chain chemical HF-lasers initiated by radially convergent or planar e-beams. The investigations conducted in 4 where in 
particular it was shown that radiation efficiency achievement more than 9 % is possible only with e-beam produced 
molecular fluorine taking part in laser inversion, were continued by the present work. 

2.   EXPERIMENTAL SETUP AND MEASUREMENT METHODS 

There were three set-ups used in the experiments. In the first set-up which had the volume of 30 1, the pumping was 
realized by a radially convergent e-beam; HF-laser energy and temporal parameters of radiation and also pumping pulse 
parameters obtained with this set-up were described in3'411. 

The experiments were performed on the second set-up which was earlier described in 5. Accelerator provided to form 
e-beam with the following parameters: beam-current density was of 2.5 A/cm2 , cross section of electron stream 42x1.5 cm, 
the pulse duration of current amplitude at FWHM was 50 ns, electron energy downstream off the foil was 155 keV 
(maximum at the curve dependence of electron energy via its quantity). Initiation of chemical reaction was realized by 
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e-beam or in the process of e-beam initiated non-sustained discharge from the bank of capacitors of 3.9T0"9 F. Anode- 
cathode gap was up to 2.3 cm. Laser's resonator was formed by spherical copper mirror with a radius of curvature of 2.5 m 
and plane-parallel plate made of KRS-5 with reflection of 33% in 3 urn spectral region. The laser output energy was 
registered by IMO-2N and IKT-1N calorimeters. Temporary characteristics of impulse were measured by FSG-22-3A2 
photoresistor with 1.5-11 u.m region spectral sensitivity. Spectral characteristics of radiation were measured with MDR-12 

monochromator with 300 stroke/mm (inverse line dispersion 9.6 nm/mm). 
Investigations on zeolite-based different absorbents influence on energy stability of HF-laser were performed on the 

third set-up (with 20x1x1=20 cm3 active volume) which was earlier described in 14. 

3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

3.1. HF-laser pumped by planar e-beam 

The mixture SF6:H2=7:1 was close to optimal in the range of pressures from 0.1 to 1 atm. Further increase of H2 

concentration led to insignificant increase of energy and then to its drop. The change in absorbed energy of e-beam in the 
gas media was calculated by the formula: Wb =jb-(dE/dx)-V-tb. Here;;, is a beam density, dE/dx - average energy loss per 
unity of length, V- volume of active region of gas cell and fi-e-beam duration. The value of 130 keV has been taken as an 
average energy distribution of electrons by velocities, e-beam flow average energy loss per unity of length were 1.8T03, 
3.5-103, 6.48-103, 15.6103, 19103eV/cm and corresponded to the pressures 0.096, 0.184, 0.344, 0.82, 1 atm for SF6:H2=7:1 

. The dynamics of the radiation energy change has tendency to saturation and is caused by energy e-beam spectra. Such 
dependences were observed in 7' 8' 9. Maximal value of energy radiation is totally defined by chemical reaction rate 
increasing with laser pressure on one hand and collisional decontamination HF molecules rates rising on the other hand. 
This tends to the efficiency decrease with further increasing of pressure and radiation energy. The maximum of efficiency 
(-5.5%) was obtained at -0.4 atm. It is noted that, secondary electrons spectrum depending on operating mixture 
composition and pressure 10 can influence optimal pressure with respect to obtaining of maximal radiation efficiency. 

3.2. HF-laser pumped by planar e-beam initiated discharge 

Aimed to investigate the additional electric field influence on efficiency, to the gas gap constant voltage was applied. 
In the process of pulsed non-sustained discharge, external electric field addition allows to increase average energy of 
secondary electrons and, by doing so, to provide more intensive fluorine accumulation 8. Use of e-beam initiated low 
pressure pulsed discharge in SF6:H2=7:1, p=0.184 atm leads to increase of radiation energy in 2.8 times at electric field 
strength close to breakdown values. However, in this case energy diffused to gas in the process of discharge breakdown is 
higher than absorbed e-beam energy at an order. Correspondingly, laser efficiency decreases too. When voltage is higher 
than static breakdown voltage, increase of the total efficiency should be expected. 

3.3. HF-laser pumped by radially converging e-beam 

The main results are illustrated in Fig. 1. Fig. 1 gives dependences of energy (deduced from the pressure jump) in an 
active SF6-H2 mixture or in SF6 when the pressure was increased to 1 atm. In the case of SF6 the energy deposited in the gas 
ceased to rise beginning from -0.6 atm (curve 2), whereas in an SF6-H2 mixture (curve 1), at the same pressure the input 
energy was higher and it continued to rise with increase of the pressure. The difference between the energies corresponding 
to curves 1 and 2 was the chemical reaction energy (curve 2). An increase in the pressure of the active mixture from 0.45 
bar to 1 bar increased the chemical reaction energy deposited in the gas by a factor of -2. However, the energy distribution 
over the output beam of the laser then became more nonuniform. At the mixture pressure of -1.1 atm the total radiation 
energy was -200 J. 

3.4. HF non-chain chemical laser efficiency 

In 4'' it was shown that e-beam pumped HF non-chain chemical laser efficiency is determined not only by atomic 
fluorine but molecular fluorine as well. The both particles are formed at e-beam injection into operating mixture at the 
expense of SF6 molecules dissociation. In this case, derivation of HF vibrationally excited molecules can result from two 
main processes: 

F + H2 -> HF(v < 3) + H + Q, (31,8 kcal/mole), (1) 
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F2 + H->HF(v<6) + F + Q2(98kcal/mole), (2) 

where Q, and Q2 are energy released from chemical reaction. Here the inversion could be presented in the following 
way 4'12,13. Since the specific reaction rate (1) is 5,5 times higher than in reaction (2), and the last takes place after sufficient 
hydrogen atoms appear, than at the first stage inverse HF molecules population is observed (v < 3). Just this leads to 
appearance of generation on these vibrational transitions with (v < 3). At the second stage the reaction (2) realizes the 
inverse HF molecules population has achieved, at higher vibrational transitions (v < 6) including. Besides that, atomic 
fluorine formed in the reaction (2) can participate once again in inversion development at transitions (v < 3), reaction (1). 
Thus, in operating mixture there can have place short chains which can lead to HF-laser efficiency increase, and in this case 
in spectra of generation vibrational transitions (v = 4-6) must be presented. With this the radiation pulse duration must 
exceed e-beam pulse duration. 

In Fig. 2 spectral energy distribution for laser mixture SF6:H2=7:1 is presented. For the three tested pressure values, 
generation was observed on transitions with v > 3. With much higher pressure values (0.82 and 0.344 atm) generation was 
registered at all the six transitions of P-branch (Pi,P2,P3JP4JP5,P6). and the maximal energy value was on the transition • 2. 
Only on transitions PuP^P^P^Ps pressure decrease up to 0,096 atm led to generation and displacement of maximum of 
generation to the transition Pi. Thus, spectral characteristics of radiation confirm participation of molecular fluorine in HF- 
laser inversion. 

HF-laser temporal and spectral-temporal characteristics were investigated either for total laser signal or for separate 
lines at pressure range of 0.1-1 atm for laser mixture SF6:H2=7:1. Typical e-beam pulse oscilloscope traces (curve 1), total 
radiation at all lines (curve 2) and dependence of radiation duration at FWHM of intensity on pressure are shown in Fig. 3. 
The Fig. 3a presents e-beam current pulse and laser radiation pulse achieved at the set-up with radially convergent e-beam 
pumping. The generation threshold obtained since 40 ns after e-beam current injection, and radiation pulse duration 
significantly exceeds the pumping pulse duration and has a complicated spiking structure. Evidently, it may be related to the 
fact that in generation participate different vibrational transitions, including the case with v > 3, generation at which has big 
times of delay. In Fig. 3b are shown pulses of e-beam current and generation obtained at the set-up with planar e-beam 
pumping. It is clearly seen, that the radiation pulse has the similar structure. Dependence of radiation pulse duration at the 
FWHM via pressure is presented in Fig. 3c. Pressure growth increases specific inputs in operating mixtures and speeds up 
chemical reactions rates that just causes radiation pulse duration reduction, nevertheless also at the pressure of 1 atm 
radiation pulse duration exceeded the pumped pulse duration (50 ns at FWHM). So, laser radiation pulse duration changed 
from 150 to 600 ns with mixture pressure varying from 1 to 0,1 atm, and laser radiation time delay relatively to initial action 
on e-beam gas media varied with this from 20 ns at 1 atm to 97 ns at 0.1 atm. 

According to 4'12 limit efficiency of non-chain HF-laser with only atomic fluorine participation in inversion 
development is defined by T| = 0,88-10"2- hv, where hv= 10,2 kcal/mole, and can not exceed 9 %. In this work we have got 
generation efficiency at the set-up with radially convergent e-beam pumping over 10%. In papers 8'12 it was also reported 
about non-chain HF-laser radiation efficiency 10 % and more. Thus spectral-temporal characteristics and realization of high 
efficiencies strengthen the case for participation of molecular fluorine in non-chain HF-laser inversion development. 

3.5. Stabilization characteristics of HF-laser 

The quenching have an important bearing on the energy characteristics of HF- lasers. Quenching efficiency of various 
particles can have considerable differences. The most efficient quenching molecules have attraction forces between itself, 
which depends on hydrogen links and leads to formation of long-lived complexes. For example, H20 molecule deactivates 
any molecule after few collisions, and HF molecule deactivates HF* molecule after 60 collisions 12. Therefore, as 
accumulation of HF molecules is in progress after a number of shots we have energy-decay. In the process of work, a row of 
wide-porosity synthetic zeolites such as NaA, NaX, CaA and others possessing high adsorbing characteristics relatively 
adsorption of water were used in order to define absorption efficiency of molecules H20 and HF. Zeolite CaA was obtained 
by ion exchange Ca2+ for Na+ from preliminarily decationized NaX by treatment of which with 25 % NH4CI water solution 
at 90 °C during two hours. Before use, the zeolite samples under study were calcinated at 500 °C during 8 hours, after that a 
portion of 10 g (25 cm3) was placed into the laser operating volume and tested. 

Carried out studies have shown that the zeolites NaA, NaX, CaA, used as absorbents for H20 and HF absorption, 
efficiently absorb the molecules H20 and HF being formed during laser operation. Figures 4 and 5 give dependences of 
radiation energy on a number of shots for gas mixture SF6:H2=7:1 with use of the absorbent (curves 1, 2), and without one 
(curve 3). Zeolite-based absorbent was distributed uniformly over the entire titanium foil area, which is located along the 
length of the active volume. As it is seen from Fig. 4 and 5, absorbent presence allows to decrease relative radiation energy- 
decay from 40 to 13 % for HF-laser pumped by planar e-beam (repetition rate was approximately 1 shot a minute), from 60 
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to 15 % for electrodischarge HF-laser with UV ionization (repetition rate of shots was 1 Hz) and from 80 to 25 % (repetition 
rate of shots was 2 Hz) in the investigating interval of the shots. 

CONCLUSION 

The present paper reports on investigations of spectral and temporal characteristics of HF-lasers with non-chain 
chemical pumping initiated by radially convergent and planar e-beams. Electric fields in the center and near the side wall of 
laser chamber, and also radiation energy density distribution in wide aperture laser output beam have been measured. The 
main channels of vibrationally excited HF molecules formation have being analyzed. Based on spectral and temporal 
investigations it has been confirmed that high efficiencies (-10 %) of non-chain HF-laser can be achieved only at the 
expense of simultaneous formation of atomic and molecular fluorine under e-beam influence on operating mixture. It was 
shown that the lasing pulse has a complicated spectral temporal structure determined by sequential generation of P-lines 
P2—>Pi~>P^—>P<—>P5-^P6 and overlapping during radiation pulse both of rotational lines of one and the same vibrational 
band and separate vibrational bands. 

Under e-beam pumping of a laser with active volume of 30 1 output energy as high as 115 J and efficiency with respect 
to e-beam energy deposited into gas mixture up to 8 % were demonstrated. Optimal gas mixture SF6: H2 = 8 : 1 under 
pressure of 0.45 atm was chosen to provide no more than two-fold specific output power variations across the laser beam 
area. Total laser energy and efficiency with respect to e-beam energy deposited into gas were found to be up to 200 J and 
11%, respectively, at pressure 1.1 atm and with non-uniform output distribution. 

Low pressure pulsed discharge initiated by e-beam flow for excitation HF molecules leads to increasing of radiation 
energy in 2.8 times. Also investigations on zeolite-based different absorbents influence on energy stability of HF-laser are 
presented and radiation energy decay after 103 shots not more than 15 % is gained. 
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chemical reaction (1), the energy deposited by the e-beam (2) and 
by the chemical reaction (3) 
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Cascade scheme "master generator - amplifier" 
of the photoinitiated pulsed chain chemical HF/DF-laser 

B.S.Alexandrov, A.V.Arsenjev, M.A.Azarov, V.A.Drozdov, G.A.Troshchinenko 

Russian Scientific Centre "Applied Chemistry" 

14, Dobrolubov ave., St.Petersburg, 197198, Russia 

ABSTRACT 

The cascade scheme "master generator - amplifier" of the photoinitiated pulsed chain chemical HF/DF-laser is 
investigated by numerical modelling and in experiment. The possibility to control the duration and spectrum of the laser 
pulse is shown, the efficiency of amplifier can exceed the efficiency of the equivalent generator. 

Keywords: chemical pulsed HF/DF laser, chain reaction, amplifier, synchronisation of photoinitiation, spectrum, efficiency 

1. INTRODUCTION 

Pulsed chemical HF- and the DF-lasers are capable to generate with high efficiency the low divergent power radiation 
beams in wide spectrum range (from 2.6 pm up to 5 |j.m) with pulse duration, changed within the limits of one - two orders 
of magnitude. 

Use of the cascade schema "master generator (MG) - amplifier (A)" expands capability to control the parameters of the 
power pulse of the laser radiation and provides achievement of its maximal brightness. Depending on the concrete technical 
applications the change of duration of an output pulse, its divergence and spectrum is realised as a result of variation of 
these MG parameters. It is possible to obtain the output radiation with higher optical characteristics and higher specific 
energy in comparison with the equivalent generator due to reduction of diffraction losses at single-pass propagation of the 
radiation pulse with small divergence through the wide aperture A. The laser distinguishing from A only by replacement of 
windows on the resonator mirrors is referred here as the equivalent generator (EG). 

On the first stage of study of the cascade scheme the efficiency of the amplifier was obtained 3-10 times less in 
comparison with EG ''2. Further the amplifier efficiency on the level of 100% in relation to EG was achieved 3, however the 
energy characteristics of the DF-laser in this experiment did not exceed half of the HF-laser characteristics. 

Here the theoretical and experimental study of conditions of co-ordination of the processes in active medium (AM) of 
MG and A, at which the energy efficiency of A is close the efficiency of EG, is carried out for the pulsed chemical laser. 
The dependence of the pulse energy of A on duration, energy and spectrum of MG pulse and on a time delay At between the 
beginning of initiation of chemical reactions in MG and A is investigated. The connection between the shape and duration 
of pulses on input and on output from A is determined at various At. 

2. RESULTS OF EXPERIMENTS AND NUMERICAL MODELLING 

The experimental investigation is carried out on lasers of a multimodular cylindrical design with a central arrangement 
of a photolamp 4, with a total AM volume up to 100 1 and an aperture of the laser beam of 60 mm (MG) and 130 mm (MG 
and A) and with an initiation energy from 0.1 kJ/1 (MG, A) up to 1.2 kJ/1 (MG). The pulsed chemical HF- and DF-lasers 
with the AM length of 1.9 m and 3.8 m were used as MGs. An external resonator of MG consists of round mirrors carried 
on distance up to 5 m. A copper mirror with reflection factor 0.98 serves as a total reflector. A parallel-plane plate or set of 
plates from CaF2 with reflection factor ~ 0,06 are used as output coupler. A design of an operating chamber and the 
initiation system of A is the same as at MG. The only difference is that the windows of the operating chamber of A are 
inclined at angle of 15° to a resonator axis. Density of the MG radiation on input of A is changed by selection of a 
combination of periscope mirrors in a channel of optical connection between MG and A. The MG radiation spectrum is 
varied by change of AM length and selection of the resonator mirrors. The initiation energy is varied by change of voltage 
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of discharge and capacity of the condensers. The channel of optical connection of special pressure-tight design for ensuring 
minimum distance (5 cm) for propagation of radiation from MG to A through atmosphere air is made. 

For computational simulation the theoretical model combining the description of the longitudinal non-uniform 
radiation effects in A and of the chemical, vibrational and rotational kinetic processes is used. The method-of-characteristics 
is used for the solution of the partial differential equations describing passage of plane laser radiation waves in two counter 
directions. The similar model of radiation transport was offered in Ref.5, where it was supposed, that the characteristics the 
AM are identical on whole volume. In the present study the longitudinal heterogeneity of chemical and kinetic processes is 
taken into account. It is essential, as the amplification of the input radiation at its propagation along an amplifier axis creates 
various conditions for laser processes in various points of reactor. 

As a result of this study the conditions of achievement of maximal energy efficiency of A in HF- and DF-cascades are 
determined. These conditions are as follows. 

A. The time delay between the beginning of the chain chemical reaction initiation in MG and A should 
ensure the synchronisation of achievement of maxima of the chemical pumping rate in both reactors. 

The dependence of the specific output energy Eout/V of A on the time delay At = tini (MG) - tini (A) between the 
beginning initiation of A tinj (A) and MG tini (MG) is shown for HF- and DF-laser 
in Fig.l (without including the input energy Ein). In this experiment the 
composition of AM, pressure and conditions of initiation in MG and A were 
identical, optimal value is At = 0 - 0.3 us, energy of the output radiation of A 
decreases 2 times at deviation from this value on ± 1 us (the full pulse duration 
was 3 - 3.5 us). 

The similar dependence is displayed in Fig. 2a, b for experiment with the DF- 
laser, when the parameters of AM and initiation in MG and A were essentially 
various. In Fig.2a the dependence of the laser pulse duration (t) of MG on energy 
in a discharge circuit (Eini) of the photolamp is shown. A goal of this experience 
was amplification of the short MG signal with duration of 1 us (at level of 0.1 of 
the maximal radiation intensity lma%). Such a shortening was achieved due to 
increase of pressure up to 1.5 arm and increase of the initiation energy 
contribution in AM as a result of increase of the discharge circuit energy and 
reduction of a diameter of the chemical reactor. The MG output radiation was 
expanded in the periscope system and passed to input of the wide aperture A (the 

input radiation density of 1 J/cm2) with length of 4.8 m, where the AM pressure was 1.12 arm and the initiation energy was 
increased 2 times in comparison with conditions of experiment in Fig. 1. The EG pulse duration was 2 us, energy of 1.4 kJ, 
in experiment the pulse energies of A and EG were close each other. The optimal mode for this DF-cascade is advance in 
initiation of A on 1.4 us (Fig.2b). The data of calculation for the same conditions, but for HF-cascade, are given in Fig.2b, 
in this case the optimal advance is 1.2 us; the radiation intensity of the output A pulse, the MG and EG pulses are shown in 
Fig. 2c, the point t = 0 corresponds to beginning the A initiation. 
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Fig.3a, b, c illustrate the data of calculation of HF-cascade, the MG pulse with the radiation density of 0.1 J/cm and 
duration of 160 ns is passed to A (length of 2 m, AM pressure of 1.4 atm, the initiation intensity is increased 5 times, 
duration of EG pulse of 1.45 us). Such a short MG pulse was obtained due to reduction of duration and increase of initiation 
intensity. In Fig. 3a a series of the output A pulses is shown at various values of At. Optimal mode in this case is the delay 
of MG initiation relative to A of 2 us (Fig. 3c). In Fig.3b the MG and A pulses are depicted at At = 1.8 us; the forward and 
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back fronts of A pulse are more 
abrupt, than they are for MG pulse, owing to the large AM gain of A. The steepening the fronts enlarges the pulse duration 
up to -200 ns (the same effect is visible in Fig.2c). The own A lasing in the superradiation mode is observed on time 
intervals of 1.4 - 1.8 us and 2.05 -2.35 us. 

For all considered cases the maximal energy of the A pulse is obtained at coincidence of the moments, when rates of 
the inverse population creation in AMs of MG and A achieve their maximal values. 

B.The radiation energy density on the input of A should provide the high degree of saturation of AM. 

The experimental dependence of the A specific output energy Eout/V on the input energy density Ein/S is shown in 
Fig.4a. The data for HF- and DF-cascades with the various ratios of the reactor lengths of MG and A and with the various 
MG resonator qualities are given. The resonator quality is characterised here as factor M of excess of the maximal AM 
unsaturated gain above the lasing threshold. The results of calculation of similar dependence (Eoul/S - the A output energy 

■   £     /v I /l density) for conditions corresponding to Fig. 2c are shown in Fig. 4b. 

These data demonstrate the weak sensitivity of the A specific energy to the 
input radiation density. At change of the input density 250 times the specific 
energy of A for HF- and DF-lasers changes 1.6 H-3 times depending on the 
initiation intensity and the MG radiation spectrum. The low sensitivity of the 
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the specific energy, exceeding 90 % of the EG specific energy, the input density for HF amplifier with length of 4m should 
be more than 1 J/cm2. 

C. The MG resonator should provide more than 50-muItiple excess of the unsaturated maximal gain 
above the lasing threshold for initiation of the high band transitions up to 6-5, 7-6 for HF- and 9-8, 10-9 
for DF-lasers. 

The number of the MG spectrum lines (N) was changed from 22 up to 51 for HF- and from 54 up to 71 for DF-laser in 
experiment due to change of the lasing threshold, at that the A pulse energy grew, correspondingly, -4.5 and -1.8 times 
(Fig. 4a). The change of spectrum of the HF- and DF-lasers depending on M is considered in Ref.6 

D. For achieving the DF-laser specific energy at the level of 90% of the HF-laser specific energy the 
content of the C02 impurity in AM of DF-laser and in the connection channel between MG and A should 
not exceed 0.05% and 0.03 g/m2, respectively. 

The influence of impurity of C02 molecules inside the resonator on the radiation characteristics of HF- and DF-lasers 
is considered in detail in Ref.7; (see also Fig.4a where C02 concentration is noted in units of the thickness of the precipitated 
layer). Also a removal of the absorbing CO2 impurity from the optical connection channel between MG and A is necessary. 
The dependence of the specific radiation energy for DF-A on C02 concentration in the optical connection channel is 
displayed in Fig. 5. 

3. CONCLUSIONS 

The following energy characteristics of HF (DF) laser of the multimodular design were obtained in experiment as a 
result of realisation of the stated above conditions. The maximal technical efficiency of -40 % (35 %) and the amplifier 
specific energy of 42 (37) M were measured at the maximal achieved energy density of the input signal of -10 J/cm2, most 
complete MG radiation spectrum consisting of 43 lines of six vibrational bands for HF-laser and -80 lines of nine bands for 
DF-laser and the specific initiation energy of 105 J/l. The output pulse energy of the MG - A cascade was 3.4 (2.9) kJ and 
the A efficiency relative to EG exceeded 100 % in some experiments at the optimum time delay. 

The control of the output pulse duration for the DF-laser from 1 us up to 3.5 \xs was realised in experiment at the 
constant A parameters as a result of the duration change of the MG pulse. 

Application of MG with the small aperture (SAMG) in the MG - A cascade allows noticeably simplify and reduce the 
price of obtaining the required parameters of the laser beam, first, owing to reduction of the charges by manufacturing the 
optical elements of the SAMG resonator and, secondly, owing to the greater simplicity to control the SAMG initial 
parameters, such as total pressure and initiation intensity, which determine energy, spectrum and duration of the laser pulse. 
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ABSTRACT 
Results of the investigation of the discharge parameters, active medium homogeneity and stability, and laser performance 
are reported for a 2.5x2.5x50 cm3 HF phototriggered laser working either in chain and non-chain mode. Using a 
Ne/F2/H2/02=93/5/l.5/0.5 mixture, a specific output laser energy of 9 J/l was obtained with an electrical efficiency of 38%. 
Compared to the performance of non-chain reaction HF lasers, these data correspond to an increase of the efficiency by a 
factor of 8. However, due to the development of discharge instabilities the output laser energy is not higher than mat 
obtained with the non-chain laser mixtures. 

1.   INTRODUCTION 

To date, the so-called phototriggered discharges allowed to reach the best laser performance for non-chain HF lasers. A 
specific output energy of about 10 J/l at an efficiency near 5 % was obtained in Ne/SFeA^H; mixtures [1], and it was 
shown mat mis kind of excitation can be effectively used for the excitation of large aperture lasers [2]. On the other hand, 
Kutumov et al [3] recently reported mat, in a pulsed chemical HF laser initiated by a dielectric barrier discharge, nie 
substitution of H2 /SF6 mixtures by H2/F2 ones, resulted in their device by an increase of the laser performance by more 
than one order of magnitude: specific output energy near 40 J/l at more man 60 % electrical efficiency. Those 
performances have been obtained with a specific electrode material not easily available in large dimensions, in such a way 
that the development of high energy lasers based on this technique may be rather difficult. 

The goal of the present investigation was to perform a systematic study of a phototriggered discharge in Ne/F2/SF6/H2 gas 
mixtures. The evolution of the electric parameters, the active medium homogeneity and stability, and the laser 
performance (output energy, efficiency and pulse shape) versus the partial pressure of SF6 and F2 have been studied. As a 
result, the physical processes involved in the limitation of the performance of the HF phototriggered laser using either 
chain or non-chain reactions are discussed. 

2.   EXPERIMENTAL SET-UP AND DIAGNOSTICS 

In the phototriggered operating mode, the discharge electrodes are directly connected to an energy storage unit, which is 
pulsed charged up to a voltage higher than the sustaining voltage of the discharge. When this voltage is reached, the gas 
mixture is seeded with initial electrons which induce the discharge breakdown. The main feature is that there is no switch 
between the electrodes and the storage unit. A schematic cross-sectional view of the laser is shown in figure 1. This laser, 
named X525, comprised essentially three parts. The first one, the pre-ionisation unit, is an X ray generator composed of a 
cold cathode diode powered by a Marx generator. The X ray dose entering in the laser chamber is 10 mrad, which produces 
an initial electron density of about 2.10' electrons per cm3 in 100 mbar of SF6. The second main element of the laser is the 
discharge chamber. The X-rays enter in this chamber through the plane bottom of the cell which acts as one electrode of 
the discharge. The other electrode is a profiled electrode calculated to provide a uniform electric field over 50 cm long and 
2.5 cm width. The gap between the two electrodes is 2.5 cm, in such a way that the active volume is 312 cm3. The optical 
cavity consists of a totally reflecting mirror and an output coupler made by an un coated CaF2 window. The third element of 
the laser is the energy storage unit. It is composed of ceramic capacitors used in two different configurations. In the first 
one, pure phototriggered operating mode, all the capacitors are directly connected to the upper electrode. In this 
configuration, the total capacitance can be up to 144 nF. The capacitors are pulsed charged up to the operating voltage with 
a rise time of 10 us. However, for some gas mixtures, this rise time is too long and a discharge breakdown occurs before 
the firing of the X-rays, resulting in a very inhomogeneous discharge. A solution to avoid these spontaneous breakdowns, is 
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to reduce the rise time of the voltage application to less than 1 
us. Tliis is done through the use of a C-L-C circuit, represented 
in figure 1. A first capacitor bank is pulsed charged in 10 us and 
the stored energy is transferred to the second capacitor bank, 
directly connected to the discharge electrode, in about 300 ns. In 
these experiments, we have used the same values for both 
capacitors banks, C=36 nF or C=72 nF. The voltage applied on 
the storage unit is measured with a resistive probe, while the 
current is measured with a Rogowsky coil. The laser energy is 
measured with a calibrated joulemeter and the shape of the laser 
pulse is recorded with a Ge-Au detector. In order to control the 
discharge homogeneity, the fluorescence of the plasma is 
measured with an intensified CCD camera allowing exposure 
time as low as 5 ns. As shown in Figure 2, the line of sight of 
the camera makes a small angle with the optical axis of the 
laser, in such a way that the discharge is seen in perspective on 
more man the three quarter of its length. Examples of the 
discharge quality for an homogeneous discharge and an 
inhomogeneous one are respectively given in figure 3a and 
figure 3 b. 
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3. RESULTS AND DISCUSSION 

As the result of our investigation of the performance of the X525 laser working with non-chain mixtures has been 
previously published [1], we will just recall here the main features observed with these mixtures, to compare the results 
with those obtained with the chain-reaction mixtures on which we will focused the discussion. For non-chain mixtures 
(bie/SF6fH2 or Ne/SFs/QHs) we have shown that the replacement of H2 by C2H6 allowed to increase the laser performance 
by a factor of two, giving rise to a specific output energy of 10 J/l with an efficiency of 4.5 %. These performance were 
obtained with the pure phototriggered circuit (voltage rise time of about 10 us) with 144 nF for the total capacitance of the 
storage unit. The investigation with the intensified CCD camera pointed out that the performance increase obtained with 
the use of C2tk as H-atom donor was due to the stabilisation of the discharge which appears as a very homogeneous one 
(see figure 3a), while in H2-based mixtures discharge instabilities rapidly grow up, leading to a very inhomogeneous 
medium (see figure 3b) producing large perturbation of the laser pulse. With ethane the specific output laser energy was 
only limited by the available maximum pumping energy (220 J/l) due to the maximum value of the X525 storage 
capacitance, 144 nF, and the maximum charging voltage, 31 kV. 

In order to increase the laser performance we have investigated what kind of improvement could be reached through the 
use of chain mixture: Ne/SF6/F2/H2/02. Most of the experiments were performed with the classical ratio F2/O2=10, which 
insures the stability of the F2/H2 gas mixture versus spontaneous burning, and with a ratio F2/H2=3. The F2 molecules were 
handled in standard bottles containing 5 % of F2 diluted in neon. 

For a pure phototriggered circuit with a capacitance of 36 nF, charged 
to an initial voltage of 17 kV, the evolution, versus the F2 partial 
pressure, of the specific output laser energy and electrical efficiency is 
shown in figure 4. This figure points out that the laser performance 
increases linearly with the F2 partial pressure. For 35 mbar of SF6, the 
addition of 8 mbar of F2 allows to increase the laser performance by a 
factor of three. However, the specific output energy remains quite low, 
and it would be benefit to increase the F2 partial pressure. But, a F2 

partial pressure higher man 8 mbar produces spontaneous discharge 
breakdowns before the firing of the preionisation, resulting in a very 
inhomogeneous discharge and poor laser performance. To overcome 
this problem, we have used a C-L-C phototriggered circuit providing a 
voltage rise time across the electrodes of 300 ns. With mis circuit the 
spontaneous discharge breakdown was completely suppressed, 
allowing higher F2 partial pressures and higher performance as shown 
in figures 5 and 6 which shown the evolution, versus the initial voltage, 
of the laser performance for different F2 pressures. 

3 

8.   •■«■ 

F, (mbar) 

Figure 4: Evolution, versus the F2 partial 
pressure, of the laser performance for a 
pure phototriggered discharge circuit. 

SF6=55 mbar, Ne/F2=20, F2/O2=10, F2/H2=3 

I— F2=0 mbar 
•—F2=5mbar 
i— F2=10 mbar 

-A-F2=20mbar 

C=36nF 

16        18        20        22        24        26        28        30        32        34 
Initial Voltage (kV) 

Figure 5: Evolution of the specific energy versus 
the initial applied voltage. 

SF6=55 mbar, Ne/F2=20, F2/O2=10, F2/H2=3 
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Figure 6: Evolution of the laser efficiency versus 
the initial applied voltage. 
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The data plotted in figures 5 and 6 were obtained for a storage capacitance of 36 nF and a SF6 pressure of 55 mbar. 
Approximately the same specific output energy was achieved for a storage capacitance of 72 nF, giving an electrical 
efficiency divided by a factor of 2, and for any SF6 pressure in me range 20-80 mbar. It was observed that, for a given gas 
mixture composition and a given capacitance, the best result is obtained for the highest voltage which can be applied 
without appearance of voltage and current oscillations during the discharge. These oscillations appear as a very sensitive 
indication of the development of discharge instabilities like the one shown in figure 3b. For mixtures comprising SF6, the 
discharge quality becomes very poor for F2 pressures higher than 20 mbar, resulting in deceptive laser performance. 
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On the other hand, removing SF6 from the laser 
mixture allows to increase the F2 partial pressure 
approximately by a factor of two. As shown in figure 
7, the laser efficiency of Ne/F2/H2/02 mixtures is 
more than 30% for F2 partial pressure in the range 
20-40 mbar, with a maximum value of 38 % for F2 
partial pressure in the range 20-30 mbar. The 
specific output laser energy first increases linearly 
with the F2 content, up to a pressure of 30 mbar, and 
then saturates. For higher F2 pressure, the discharge 
appears very unstable and the specific laser output 
energy dramatically drops down. The increase of the 
storage capacitance from 36 nF to 72 nF does not 
allow to increase the output energy which is even 
lowered (6 J/l for F2=40 mbar). This seems directly 
connected to a worse discharge quality. Thus, the 
highest specific output energy reaches in the X525 
laser using the chain reaction is 9.4 M, which is 
almost the same than that obtained with non-chain 
reaction: 9.7 J/l. From that point of view, the use of 
chain reaction for the phototriggered HF laser 
appears quite disappointing, the only advantage 
being an increase of the electrical efficiency by a 
factor of 8. On the other hand, a drawback of the 
chain laser is the duration of the laser pulses which are in the microsecond range compared to those of the non-chain laser 
which, for the X525 laser, are less than 100 ns. As a result, for the same specific output energy, the peak power of the 
chain mixtures is reduced by a factor of 20 compared to the peak power extracted from a non-chain mixture. 
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Figure 7: Evolution of the laser performance versus the F2 

partial pressure for mixtures without SF6. 

ACKNOWLEDGMENTS 

The authors wish to thank CILAS for its financial support. 

REFERENCES 

[1] L. Richeboeu£ S. Pasquiers, F. Doussiet, M. Legennl, C. Postel, V. Puech: Appl. Phys. B68,45-53 (1999) 
[2] B. Lacour, C. Gagnol, P. Prigent, V. Puech: in XU° Gas Flow an Chemical Lasers, St Petersburg 1998, Proc. SPIE 
3574,334-340 
[3] C. A Kutumov, E. A Klimuk, G.A Troschchinenko: in XH° Gas Flow an Chemical Lasers, St Petersburg 1998, Proc. 
SPIE 3574,601-605 

Proc. SPIE Vol. 4184 161 



Experimental Study of Pulse-Periodic DF Laser Operation 
with up to 1,200 Hz Repetition Rate and about 25 W Average Power 

I.L. Butzykin, S.D. Velikanov, P.A. Evdokimov, A.F. Zapol'sky, 
E.V. Kovalev, B.E. Kodola, I.N. Pegoev 

Russian Federal Nuclear Center- All-Russian Scientific Research Institute of Experimental Physics 
Mira prosp. 37, 607190 Sarov, Nizhni Novgorod region 

Tel: (831 30) 5 66 30, Fax: (831 30) 5 45 65, E-mail: zapolsky@otdl3.vniief.ru 

ABSTRACT 
The study of DF laser generating average power 25 to 30 W at 1,200 Hz repetition rate is reported. Acoustic perturbation effect 
on the stability and homogeneity of discharges produced in the laser active medium and thus on output laser power is 
demonstrated. 

1. INTRODUCTION 
A strong emphasis made currently on the development of small-sizes pulse-periodic DF lasers is associated with the good- 
looking prospects for their application in medicine, ecology, etc. areas [1, 2]. Along with this, not-small-importance problem 
became their design optimization made for the purpose of getting elevated output power and its in-time constancy, technical 
efficiency, and other performances. 
In attempts to acquire the highest Pulse-Periodic Chemical Laser (PPCL) performance one must not only develop a compact 
discharge chamber (DC), voltage pulse generator (VPG), and preionization methods to produce stable discharge, but also 
optimize active mixture (AM) pressure and composition and maintain its homogeneous flow between the electrodes of DC. 
With the increase in frequency more and more severe requirements are imposed on the volumetric homogeneity of energy 
deposition in principal discharge and density homogeneity of AM in the laser active volume. As the interelectrode replacement 
ratio (number of mixture replacements between two consecutive pulses) is to be kept within the advisable limits [3], the width 
of the basic electrodes must be as small as possible. This leads to deterioration of discharge homogeneity and may be 
compensated only partially with special electrode profiles and DC construction. The AM density fluctuations are induced by 
both inhomogeneous energy deposition and acoustic perturbations (AP) sequent of pulse-periodic initiation, and they can reach 
the values with noticeable effect upon the homogeneity and stability of the volumetric discharge [4-6 ] 
This work is a sequel to the studies reported in ref. [2-4, 7]. The description of conducted experiments, and analyzi of the 
results obtained are given. 

2. EXPERIMENTAL SETUP 
The present facility is destined to investigate into the DF laser operation performance in a pulse and pulse-periodic modes. The 
operating diagram and structure of the facility used in these studies have been described elsewhere [6], the differences being 
the facts that no heat exchanger and system for precipitating sulfur are required in our case. 
The principal element of the system is a gasdynamic channel (GC) representing a hollow loop between inner and outer 
housings in which there are suited axial-flow fans to make the AM flow, a filter filled with a sorbent to purify the AM of the 
chemical reaction products, and dielectric flow-directors. In the channel bottle neck, the flow passes the interelectrode space 
(IS). The flow velocity in the IS can vary between 12 and 36 m/s subject to the type and number of the fans in use, the design 
of the electrodes mounted into the DC, and the distance between them. 
The filter design and its situation place were chosen to provide the least gasdynamic drag. As was done in ref. [2-4], we used 
activated A1203 with 2-3 mm diameter granules as a sorbing material. The granules were bulked between two metal meshes 
accommodated in front of the fans. The DC is made as a unit module with arranged inside it the GC narrowing on both sides 
into the IS and which least cross-section is (8-^10)x280 mm2. The main-discharge-formation electrodes - anode and cathode - 
as well as the preionization pair, connected to the cathode through blocking capacitors and high-voltage buses, were all 
mounted in the central partition of the DC. 
The main electrodes were made of aluminum alloy with a Stappaerts profile [8] 18 mm width and with a smooth and flat or 
profiled surface representing a collection of blades (knife-edges). Peculiarities of discharge excitation between such electrodes 
were reported in ref [7] for one initiation event. The preionization electrodes were just the same as described in ref. [7]. 
The VPG was built according the schematic of a one-stage doubling Fitch circuit. By changing the number of capacitors, the 
VPG overall capacity was variable from 4.6 to 25 nF, thus modifying the stored energy Esl. The switching device (SD) was a 
controlled discharger or a thyratron. 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
162 Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 

©2001 SPIE0277-786X/01/$15.00 



The charging voltage pulses U from the VPG' capacitors and signals from the pyroelectric sensor used for measuring the 
amplitude and repetition rate of the emitted pulses were both recorded at the same time by oscilloscopes. 
The total energy emitted in a pulse train was measured by thermocouple calorimeters, and the laser pulse shape was recorded 
by a photoresistance. 
The pressure P in the active mixture was variable in our experiments within 0.08-^0.75 bar region. Our experiments were 
carried out with mixtures of the same composition: SF6 : D2 = 6 : 1, regarded as optimal of such DF lasers in ref. [3]. 
The LU design allowed direct observation of a discharge between the main electrodes in the visible spectral range.   The 
discharge was recorded with a camera through the transparent side window and, in some cases, through the outcoupling 
window. 

3. EXPERIMENTAL INVESTIGATIONS 
In the first pulse-periodic experiments we have investigated the potencies of the electrode pairs considered previously in ref. 
[7]: flat - flat electrodes, flat anode - knife-edge cathode, knife-edge - knife-edge electrodes, the IS being 8 mm in all cases. 
The pulse laser energy was measured as averaged over 0.1 sec interval value at the constant U equal to 18 kV and Es, about 
1.44 J. The repetition rate/was changed stepwise from experiment to experiment. The AM flow velocity inside the IS had 36 
to 28 m/s value. As the AM wasn't able to make a full turnover in the GC within a 0.1 sec instant, its composition, density, and 
temperature may safely be thought as unvaried parameters. 
The average energy Eo in laser pulses is shown in fig. 1(a) as a function of the frequency/for each electrode combination. 
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Fig. 1. Energy in laser pulses averaged in 0.1 sec vs. repetition rate. (F - u. io uai tor6 T U2)) 
a) experimental series with a switching element (discharger) of the PY78- type, without lattices: 

1 - flat-flat configuration, 2 - flat anode and knife-edge cathode, 3 - knife-edge - knife-edge configuration; 
b) experimental series with a thyratron of the TIT-10K/25-type, flat anode and knife-edge cathode: 

4 - without lattices, 5 - with additional lattices. 

As was in ref. [7], the best configuration appeared to be the knife edge - knife edge in which oscillation was suppressed at the 
frequency/- 800 Hz. For other two combinations this value was/ ~ 650 and 250 Hz, respectively. The use of the proposed 
double knife-edge design is equivalent to rising U and would improve the laser efficiency and discharge stability. The mean 
energy Eo in pulses is virtually constant value up to the frequency/ equal to about 300 Hz if at least one electrode was knife- 
edged, and up to about 200 Hz if both electrodes were flat. Further increase in the/ led to a considerable reduction of the laser 
energy. 
As was revealed in the further investigations, some resonance and stroboscopic phenomena may take place. Every consequent 
pulse discharge may coincide or not coincide in time and space with the unfavorable result of interaction between acoustic 
waves (AWs): in places where the AM is condensed considerably no discharge is occurred, but low AM density may even lead 
to streamer origination. Presence of many places where the discharge isn't effective or hasn't been excited at all reduces in fact 
the working volume, which in itself does lead to a decrease in the lased energy. 
The curves shown in fig. 1(a) have the property that proves all the aforesaid. One can observe the wavelike character of the 
mean energy of the laser pulses as a function of the repetition rate/in case when one of the electrodes is knife-edged. The 
energy local minimums are repeating with about 200 Hz period, corresponding to the time when the wave reflected by the 
mount plate of the funs would enter the IS for the given construction of Pulse-Periodic DF Laser. 
Fig.2 (a), for various repetition rates, gives the discharge glow - integral over 0.1 sec - along the electrodes in visible light. An 
analysis of these photos allows us to make another suggestion on the effect of the AWs propagating across the gas flow along 
the radiation axis of the laser on the discharge initiation processes. The light intensity is higher in places with lower density, 
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and, as a rule, no light is on the contrary observed if the density is high. Estimates show that the distance between the centers 
of the dark (and light as well) regions corresponds to concurring fronts (low-density regions) of AWs coming to meet each 
other after being reflected by the side surfaces, i.e. by the places where the resonator mirrors are mounted. While the repetition 
rate goes up, the dark and light regions broaden and displace, wich is obviously indicative about the stroboscopic effect. 
The effect of such waves can be weakened or eliminated fully by tilting the sidewalls of the chamber toward the active mixture 
axis (resonator axis), inclusive the case when optical mirrors tilted toward the resonator axis are introduced inside the 
resonator. The present LU design was made only with sidewalls tilting at the 30° angle relative to the axis and towards each 
other. 
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Fig.2.a) Discharge glow along the electrodes at various initiating frequencies. Three dark zones - shadows of return current wireways 
b) Laser energy change in pulse train for various initiating frequencies. P = 0.16 bar (SFfi + D2), straight sidewalls. 

The above consideration can be illustrated by the oscillograms in fig. 2b. In the case in question, the sidewalls weren't tilted. 
During the first 10-12 pulses the per-pulse energy goes down to 0.6-0.7 initial value and then fluctuates about this level. The 
starting energy drop refers seemingly to accumulation of a heated and ionized partially mixture between the edges of the 
electrodes. The following energy fluctuations are evidently a consequence of the interaction between the AWs in the AM. 
Quenching by all means of the last would attenuate the energy fluctuation in a train of laser pulses. 
An efficient method to quench the AW inside the IS became the increase of the sound speed Vs by diluting the AM with a light 
gas, such as helium in particular. Sound speed increase inside the mixture facilitates the compensation for the density 
inhomogeneity during the time between consecutive pulses. Along with this and at the expense of changing the AM electric 
properties one may expect also advancement in homogeneity and stability of pulse discharges. 
Fig. 3a shows the luminescence of the discharge in visible light in the experiments with different initiating frequencies in the 
AM containing 0.45 bar He. A comparison between these photos and figs. 2(a) is indicative about a remarkable improvement 
of discharge homogeneity in mixtures with helium additions, inclusive the case of up to 1,200 Hz and higher. As also were in 
all of the subsequent experiments, in these experiments the sidewalls were tilted and additional lattices were inserted across the 
AM flow. 
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Fig 3 a) Discharge glow along the electrodes with 0.45 bar He addition for various initiating frequencies. 
P = 0.14 bar (SF6+ D2) + 0.45 bar He; with additional lattices and tilted sidewalls; 

b) Laser energy change in pulse train for various initiating frequencies. 
P = 0.14 bar (SF6 + D2) + 0.45 bar He, sidewalls tilted bar 30° relative the cavity axis 
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Fig. 3 shows oscillograms of laser pulses measured at different initiating frequencies in the AM containing 0.45 bar of He. It 
follows from the comparison of the oscillograms given in figs. 2a and 3b that the energy pulsation in a pulse train goes down 
considerably when the AM is diluted with helium. The energy drop that takes place in helium-less mixtures during a few first 
pulses has disappeared. 
Fig. 4 shows the mean energy in the laser pulses as a function of the repetition rate for the AM with various content of helium 
and without it. In all the experiments we kept U= 18 kV and Est~ 1.44 J. 
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Fig. 4. Mean laser energy vs. initiating frequency and He 
content in active mixture 

l-P= 0.16bar(SF6+D2), Vs~ 146m/sec; 
2 - P = 0.16 bar (SF6+ D2) + 0.15 bar He, Vs ~ 207 m/sec; 
3 - P = 0.14 bar (SF6 + D2) + 0.3 bar He,   Vs ~ 267 m/sec; 
4 - P = 0.14 bar (SF6 + D2) + 0.45 bar He, Vs ~ 331 m/sec; 
5 - P = 0.14 bar (SF6 + D2) + 0.6 bar He, Vs ~ 395 m/sec. 

The graphs given in fig. 4 indicate that the highest 
laser energy values reached at about 1,000 Hz 
frequencies correspond to a content of helium in the 
AM about 0.45 bar. The lowered SF6 concentration 
and elevated buffer gas content as shown in figs 4 and 
5 lead to a decrease in £ at low initiating frequencies 
but for high frequencies the mean energy goes up 
reaching - at/= 1,000 Hz - about 0.9 of the value 
attainable at single-shot initiation without helium. The 
laser power acquired here is E*f~ 26 * 10"3 J * 1000 
sec _1 ~ 26 W and the technical efficiency - 100*E/Est 
~ 700*26*10 '3 J/1.44 J ~ 1.8%. 
The virtual constancy of the laser energy with growing 
/"up to about 1,000 Hz at high He content points to 
optimality of the initiating AM conditions that have 
been found out in the course of the present 
investigations. 

4. CONCLUSION 
The present study has eventuated in the laser facility of 25-30 W output power operating in the DF laser spectral range at the 
repetition rate up to 1,200 Hz and efficiency about 2%. 
It was shown that the factor principal among those reducing the mean energy in laser pulses and leading even to suppression of 
oscillation before reaching the frequency limit of lasers like this is acoustic perturbations inside the active volume that are a 
product of pulse-periodic mixture initiation. Interaction between acoustic waves in the media results in non-uniformity in the 
mixture density in the interelectrode spacing and, so, it brings about such phenomena as local overheated areas, streamers, and 
decrease in laser pulse energy. 
These are the technical solutions that contribute essentially to attainment of the highest possible performance of the laser: 

- development of a system of electrodes with a flat smooth anode and knife-edge cathode; 
- quenching of acoustic perturbations inside the active volume by tilting the sidewalls of the gas-dynamic channel in 

the cavity region and by placing two additional metal lattices in the way from the blowers to discharge chamber, which 
eliminates reflection of some part of acoustic waves by construction members; 

- more than twofold dilution of the active mixture SF6 + D2 with helium; due to a considerable increase in the sound 
speed in so doing, the difference in the mixture density that hasn't been fully eliminated using the aforementioned design 
approaches was reduced during the pulse spacing time to the values having little effect upon the discharge quality and lasing 
properties of the active mixture. 
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ABSTRACT 

This paper provides information about the basic technology of high power diode lasers and their applications in a tutorial 
way. Each step from the milli-watt laser light generation in the pn-transition to the multi-kilo-watt laser system is explained. 
Typical applications of high power diode lasers, some of them already in industrial manufacturing, are described. 
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1.   INTRODUCTION 

Diode Lasers are widely used in communication, computer and consumer electronics technology. These applications are 
based on systems, which provide power in the milliwatt range. Since a few years high power diode laser systems are 
available, with a power range up to several kilowatts. Their basis, however, are in principle still the milliwatt lasers 
mentioned above, which are integrated into a compact system and combined by mechanical and optical micro-technology. 
This novel way to build a high power laser leads to a high power laser source, which is in fact not bigger than a shoe box. 
With these lasers classical laser materials processing becomes possible; moreover, the high efficiency, the small size, the 
modular design of high power diode lasers open up new applications, which have not been attractive or even not possible so 
far. In this paper we will explain the technology of the high power diode lasers as well as give examples for materials 
processing applications, which are partially even already introduced in industrial manufacturing. 

2.   HIGH POWER DIODE LASERS 

From a traditional diode laser element typically only a few milliwatts 
can be extracted from a pn-transition; in fact a diode laser is a 
complex sequence of differently doped GaAlAs layers, which 
sometimes have only the thickness of a few atomic layers, as is 
schematically presented in fig. I1. The light is actually emitted from a 
layer, which is less than a micron thick. The basic material for a laser 
diode are n-doped GaAs single crystals, which are grown with 
extremely low impurity levels in special furnaces (see Iga et.al.2); the 

crystals are sliced by special saws 
to wafers with a thickness of 
about 350 um and a diameter of 
2 or 3". The layer structure is 
then generated by CVD- 
processes and epitaxial growth. 
After the deposition and 
structuring of the contact layers, 
the   wafer   is    scratched    and 
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Fig. 1:    Schematic layer structure of a laser diode: light is 
generated in a layer less than 1 um (layer 34 to 38) 
(SIN-SCH = "Step Index Separate Confinement 
Hetrostructure"; SQW = "Single Quantum Well")' 

Fig. 2: scheme of light generation in 
a pn-transition of a laser 

carefully broken into the individual diodes. Multilayer mirrors are then deposited at the 
edges, so that a resonator is formed. A sketch of an individual diode laser element is 
shown in fig.23. From such an element typically a few milliwatts of laser light can be 
extracted. 
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Fig. 3a: Integration of several individual diode lasers 
into one one semiconductor element: the laser bar 

Fig. 3b: Beam propagation and 
intensity profile from a diode laser bar 

Fig. 4: Scheme of a micro-channel cooler; the 
bar is precision mounted by a special solder 

To increase the power, several single elements are integrated into one semiconductor element, which has a size of about 10000 
urn x 1000 um x 115 um (fig. 3a), where 1000 um is a typical resonator length. This unit is called a "laser bar". The special 
shape of the light generation area leads to special light emitting characteristics, which shows a high divergence in the direction 
of the pn-transition ("fast axis"), and a lower divergence, but a wide emitting "stripe" in the other ("slow axis"), as represented 
in fig. 3b. Even if these laser bars show electrical to optical efficiencies of 40 to even above 50%, considerable amount of heat 
must be removed through the small footprint; therefore, the laser bar must be mounted onto a special water-cooled heat sink, 
which removes the excess heat and, thus, prevents the bar resp. the mirror facets from thermal destruction. The microchannel 
cooling technology was originally based on silicon anisotropic etching4; today these heat sinks are typically manufactured from 
copper. They contain a network of small channels, with a cross section of about 300 um x 300 um. Water is driven through 
these microcharmels, which are located underneath the laser bar (fig. 4) for most efficient cooling. Typical flow rates through 
one cooler are in the order of 0,5 1/min; a typical heat resistance is in the range of 0,4 K/W. This cooling efficiency allows to 
use the laser at currents up to above 50 A, i.e. to create laser power up to 40 or 50W, or even higher without damage. 
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Fig. 5: Scheme of a laser bar mounted on a heat sink with a micro lens for fest axis 
collimation (FAC; left); REM picture of FAC microlens (right) 

The fast axis light is collimated by cylindrical 
micro-lenses (fig. 5); these lenses, which are 
just a mm in height need not only to be 
manufactured very accurately, but also exact 
positioning (< ± 0.5 um resp. <1°) is mandatory 
for a good beam quality. Of course in this 
context it becomes evident, that not only the 
accurate mounting of the lens is essential for 
maintaining the beam quality, but also the 

mounting and positioning of the diode laser bar itself onto the heat sink in the step before. The same accuracy applies as for 
the lens; additionally the bending of the bar over its length, the so called "smile" must be minimised. 

Several of these elements can be stacked on top of each 
other, so that finally up to 1 kW can be reached from this 
unit (fig. 6). For further power increase two or even three of 
such stacks can be combined by stripe mirrors (fig. 7) to fill 

glllg     in   the   aperture,   so   that   the   beam   quality   can   be 
^^ z'-~?'.:     (theoretically) maintained; single or combined stacks can be 

s^sSs     further directed onto the same optical path by polarisation 
coupling (fig. 8) or wavelength coupling (fig. 9), so that up 

Fig. 7: Aperture fill with two to 5 or 6 kW laser power can be delivered from a laser head, 
or three stacks by use of stripe        which is typically not greater in size than a shoe box. 
mirrors or prism stacks5 

Fig. 6: stacked diode laser micro- 
channel heat sinks (ca. 500 W) 

For improvement of the brilliance and matching of the different divergencies, sophisticated beam rearrangement systems are 
applied, e.g. a step mirror6 or a beam tilt unit7. Those special optical elements cut the wide beam of the diode laser bar into 
smaller pieces and re-arrange them on top of each other, so that the width and divergence are reduced in one direction at the 
expense of the other, where width and divergence are increased. 
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Fig. 8: Scheme of 
polarization coupling 

Fig. 11: High power 
diode laser, up to 3 kW, 
with power supply 

Fig. 9: Scheme of 
wavelength coupling 

Fig. 10: Scheme of 
beam rearrangement 

Using the technologies, which have been 
explained above, high power diode lasers 
up to 8 kW are available on the market 
place today. As an example, in fig. 11 a 
standard high power system with 1.5 kW 
is shown with focal spot size of 1.8 x 3.8 
mm2*) (with f = 50 mm working optics); 
the same system, with a slightly larger 
power supply, but the same size of the 
laser head is available up to 3 kW. Fig. 12 
is a 1.5 kW system with an improved 
beam quality, which delivers a 1.3 x 1.3 
mm2 spot in the focus, with f = 63 mm 
optics; also this unit is available up to 3 
kW with a slightly larger head than shown 
in the photograph. Nevertheless, the head 
size is just 500 mm x 180 mm x 160 mm (1 
x w x h) and the weight not more than 12 
kg. In this system polarisation coupling 
(see fig. 8), wavelength coupling (see fig. 
9) and a beam special beam rearrangement 
scheme (see fig. 10) are implemented. 
This kind of unit is also the basis for the 

fibre coupled unit shown in Fig. 13, which provides 2.2 kW out of an optical fibre with a core diameter of 1.5 mm. For 
many applications, the fibre coupling seems to be an essential step forward for the acceptance of this technology in a 
manufacturing environment. 

Fig. 12: High power diode laser 
with increased beam quality 

Fig. 13 (right): Fibre coupled 
diode laser up to 2.2 kW 
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Fig. 14:     typical energy 
distribution in the focal plane of a 
standard high power diode laser 

Fig. 15: typical energy distribu 
tion in the focal plane of a fibre 
coupled high power diode laser 

The beam profile of high power diode lasers is typically a top hat 
profile in one direction (corresponding to the "slow axis" of the 
laser bars) and a Gaussian in the other, as presented in fig. 14; 
this is, however, only true in the focal plane: The beam forming 
and imaging optics are optimised for the best superposition of the 
individual beam sources in this plane; leaving the focal plane, 
considerable changes of the intensity distribution occur and, thus, 
defocussing is not recommended for high power diode lasers. If a 
fibre is used for the beam delivery of a high power diode laser, a 
round top hat profile can be reached in the focal plane (fig. 15); 
however, even if the circular symmetry is of course maintained, 
also here considerable changes in the beam profile have been 
measured if the focal plane is left. 

3.   APPLICATIONS OF HIGH POWER DIODE LASERS 

As explained in section 2, high power diode lasers consist of a large number of single lasers, which are incoherently coupled 
together to deliver laser power in the kW range; as a consequence of this the quality of the beam is rather poor compared 
with conventional lasers. Today, dependent from power, a beam parameter product between 10 and 500 mm mrad is typical 
for these lasers, which for the time being excludes these lasers from traditional high power laser applications like cutting or 
precision marking (fig. 168); deep penetration welding, however, has been demonstrated recently9, which was possible by 
high absorption of diode laser wavelength and by use of a high beam quality 2.5 kW laser. The scheme in fig. 16 clearly 
shows, that in the high power range heat conduction welding, brazing, surface treatment and cladding can be performed. As 
mentioned above, the typical laser power is in the range of 3 kW (higher powers are available on request); the working 

♦) All focus data are taken at 86% (i.e. according to 1/e2 criterion) 
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distance is about 45 mm to reach 
high intensity. In such an optical 
configuration a focal area of ca. ^ 
1.3 x 1.3 mm2 can be illuminated,  | 
which finally leads to a maximum g 
averaged power density of about ^ 
1,7 x 105 W/cm2. Despite the fact, | 
that the power density is not as & 
high, the high power diode laser jj 
offers advantages compared to | 
conventional lasers, since its high |j 
efficiency   (>   30%   wall   plug  g 
efficiency) leads to economic use Jj 
and since its small size makes its 
integration        into        existing 
production      systems      simple; 
mounting   of   the   laser   head 
directly  onto  a  robot  is  very 
simple (see fig.   18)  and even 
portable systems can be easily 
realised. 

1.000 

10 100 

Laser Power [W] 

1.000 10.000 

Fie. 16: Beam parameter field for the materials orocessine with lasers (after P.Loosen8) 

Fig. 17: Cross section of a fillet weld at 
a lap joint of 1 mm stainless steel 
(1.4301), performed with a 2 kW diode 
laser (0.5 m/min, Argon shield gas) 

3.1 Welding of Metals 

Even if from simple 3D-calculations, assuming a half infinite work piece rather low 
welding speeds for heat conduction welding are expected, thin sheet welding can 
show considerable speeds, since the three dimensional heat conduction creates a 
limited heat flow and an overheating at the bottom of the sheet. A 150 um thick 
plate of a stainless steel could be welded with only 500 W laser power at a speed of 
6 m/min. Care must be taken to avoid oxidation, even downstream the laser 
welding spot; furthermore, the technology of the clamping tool becomes essential, 
since larger heat load is created to the material and since the material is very thin 
and tends to move or bend under the influence of the heat. Of course, if thicker 
material (e.g. 1 mm thick stainless steel) is welded with a heat conduction welding technique, welding speed becomes rather 
slow, compared with conventional deep penetration welding: Fig. 17 shows a cross section of a fillet weld at a lap joint of 

1 mm steel (1.4301), welded with a 2 kW diode laser 
with a speed of about 0.5 m/min. A key advantage of 
heat conduction welding with a diode laser beam, 
however, is the very smooth and nicely shaped 
welding seam, which can also be seen in fig. 17. This 
so called "cosmetic weld" led to one of the very first 
industrial manufacturing applications of diode lasers, 
the welding of kitchen sinks10 (fig. 18). The diode 
laser weld led to a considerable reduction of finishing 
after the weld compared with the conventional 
method used so far; in fact, only polishing of the 
seam is necessary, which has to be done for the 
whole assembly anyway before shipment, but 
grinding and other surface treatment procedures can 
be completely avoided, which is the basis for 
considerable cost savings. 

Fig. 18: Welding of kitchen sink with a diode laser10; 
Left: Positioning of the laser with a robot 
Right: Kitchen sink after weld (before polishing) 

As menioned above, just recently, even deep penetration welding has been demonstrated with high power diode laser9; a 
special model of a ROFIN DL025S diode laser, which provided 2.5 kW and a spot of 1.0 x 1.2 mm2 was used to perform 
the füll penetration bead-on-plate welds in stainless steel sheets of different thicknesses between 2 and 6 mm. As can be 
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seen in fig. 19, a narrow seam (aspect ratio of > 2) and a horizontal dendritic weld 
structure are reached, which together with an intense vapour plume indicate the deep 
penetration process. Even if for the diode lasers, which are available today, the working 
distance is still too short (in the range of 30 to 80 mm) and the speed (in the range of 0.2 
m/min for 6 mm thick to 1.4 m/min for 2 mm thick stainless steel) is still too low for 
most industrial applications, the results nevertheless show the enormous speed of 
improvement and development in this technology! This result looks contradictory with 
fig. 16 of this paper; this discrepancy is, however, a consequence of the higher 
absorption of the diode laser caused by its shorter wavelength and the smaller F-number 
applied with todays high power diode lasers. Fig. 19: Deep penetration welding 

of stainless steel with HPDL9 

3.2 Brazing 

Brazing becomes more and more an attractive joining technology in automotive body 
manufacturing as well as in sealing RF tight shield housings for electronic components. 
Experiments in ROFFN-SINAR's application laboratories have shown the successful 
brazing of Zn coated steel (0.9 mm) with CuSi hard solder fed as a 1 mm diameter wire. 
The experiments led to very smooth seams (fig. 20). Brazing speed was 2-4 m/min with 
2.5 kW power, but this depends strongly on the individual requirements of gap filling 
with the hard solder material. At least the same results as with a NdYAG laser can be 
obtained with a high power diode laser, but for considerably lower costs! 

Fig 20: Hard soldering of Zn-coated 
steel with high power diode lasers 

3.3 Hardening 

Because of its rectangular shape, with a top hat profile in one direction ("slow axis") 
and a Gaussian like in the other ("fast axis") the high power diode laser beam is 
especially well suited for surface hardening applications. Additionally, in comparison 
to C02 laser the emission wavelength of these lasers (typically 808 nm or/and 940 
nm) is short, which leads to higher absorption resp. less reflection and thus rules out 
the necessity of absorbing coating. The much higher efficiency of the diode lasers 
together with the advantages mentioned above, makes the high power diode laser a 
very efficient, reliable and cost efficient tool for hardening. 

A very prominent example from a manufacturing application of high power diode 
lasers is the hardening of torsion springs, which are used at the angles of car doors. 
The high power diode laser does not only provide an ideal beam geometry and 
intensity distribution, but is also the most cost efficient way for the transformation 
hardening. The torsion springs, shown in fig. 21a have to be hardened over an angle 
of >170°, over a length of ca. 10 mm and to a depth of 0.2 to 0.4 mm. With a set-up, 
which uses two lasers under an angle of about 120°, this geometry can be hardened 

homogeneously (see fig. 21 c), if the lasers scan over 
the 10 mm length. An active process control, which 
uses two pyrometers for temperature recording assures 
the quality for each individual part5'11. 

3.4 Cladding 

Fig. 21: Hardening of torsion springs by 
high power diode lasers"'"; a: Torsion 
springs; b: process photograph; c: cross 
section of hardened torsion spring 

Fig. 22: Powder Deposition of 
Stellite F onto a steel substrate 
a) deposition of a single track 
b) overlapping tracks 

An important surface related application of high power lasers is also the deposition of wear 
resistant layers or deposition of layers for repair. A widely used and successful method is the 
deposition of e.g. Stellite from a powder, which is fed to the laser heated zone through a 
special nozzle. Also for this application, for which C02 high power lasers have been mainly 
used in the past, the high power diode laser provides an ideal tool. With a typical power 
density of ca. 2 x 104 W/cm2 delivered in a spot of ca. 2 x 4 mm2 layers with a thickness of 
more than 0.5 mm have been deposited with a speed of ca. 400 mm/min (fig. 22 a). Actually, 
this speed is more than twice as fast as in a comparable setup with a C02 laser12, resp. the 
required laser power is half as much as in case of using a C02 laser; thus, also here the high 

170 Proc.SPIE Vol. 4184 



power diode laser provides a much more cost efficient way to run the process. The overlap region, if tracks are deposited in 
an overlapping way in parallel, looks very smooth and dense (fig. 22 b)12. 

3.5 Low power applications: Soldering and polymer welding13 

Laser soldering (with Nd:YAG lasers) is well known since many years; it is attractive for soldering of sensible or hardly 
accessible electronic parts, since it is contactless, provides a good accessibility and the energy can be exactly controlled. 
However, only since diode lasers are available, this application became economically attractive, because of their high 
efficiency and long lifetime. Similarly to the soldering application, also polymer welding with CO2 and Nd:YAG lasers is 
well known since many years, but the break through seems to come with the diode lasers as well. Contrary to soldering, a 
special, optimal configuration, namely a (for the laser) transparent layer on top of a (for the laser) absorbing layer is 
necessary; this technology is called transmission welding. First applications are already in manufacturing, however 
questions of polymer material itself, pigmentation and clamping have still to be investigated and answered for large market 
penetration. Details can be found elsevere13. 

4.   SUMMARY AND CONCLUSION 

High Power Diode Lasers up to several kilowatts are at the threshold to the large scale introduction in the industrial 
environment. Todays systems provide sufficient power for those applications which require moderate power density in the 
range of 104 to 105 W/cm2 at an high wall plug efficiency of more than 30%. Their very small size makes them an ideal tool 
for integration into manufacturing machines and for portable systems. With increased beam quality, further increase of 
lifetime and further reduction of investment cost, these lasers look into a bright future with an enormous increase of market 
share. Ambitious research programs have been launched to reach this goal in a reasonable time14. 
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ABSTRACT 

We are developing high average power diode pumped solid state laser DPSSL for laser fusion power plant, for space 
propulsion and for various applications in industry. The common features or requirements of our High Average-power Laser 
for Nuclear-fusion Application (HALNA) are large pulse energy with relatively low repetition of few tens Hz, good beam 
quality of order of diffraction limit and high efficiency more than 10%. We constructed HALNA 10 (10JX 10Hz) and tested 
the performance to clarify the scalability to higher power system. We have obtained in a preliminary experiment a 8.5J 
output energy at 0.5Hz with bean quality of 2 times diffraction limited far-field pattern. We are also trying to extend the 
laser technology of high peak power with low repetition to that of high averge power laser with high repetition or CW 
operation. The progress of power laser technology is now opening new fields of applications in science and industry. The 
flexibility and variety of performance are needed. 

1. INTRODUCTION 

The technical and economical feasibility of DPSSL (Diode Pumped Solid State Laser) for laser fusion driver have been 
investigated through a conceptual design study of a laser fusion power plant KOYO, and also through a experimental 
investigation on a small scale DPSSL system. DPSSL seems to be feasible candidate for the driver of laser fusion power 
plant1)2'1'. The specification of laser fusion driver is close to that of laser for space propulsion application. They are large 
pulse energy and high peak power with good beam quality, and relatively low repetition frequency of few tens to hundreds 
Hz. Investigation on laser rocket propulsion and space debris clearing are being proceeded along with the laser fusion driver 
development. The industrial applications of high power laser are progressing with the development of DPSSL with the 
feature of high efficiency and expectation of low photon cost. Cooperative programs with industry are also proceeded to 
enhance the spin-off of power laser development on the way to achieve giant laser system of high peak intensity (MJ/ns) 
and high average power (MW) with high-efficiency (10%) and good beam quality for laser fusion driver. 

High power laser diode is one of the key element of DPSSL. The development and improvement of laser diode and its 
stacking technique are being proceeded with attentions on efficiency, frequency control and suppression of chirping, life and 
manufacturing cost. A lOOkW diode bar assembly has been fabricated and its performance is satisfactory for pumping. The 
cost reduction is the future technical issue which is most important figure for the application to laser fusion driver. 

As a first step of the HALNA development, a small scale module, HALNA 10, which has a 10JX 10Hz laser output at 1053 
nm has been constructed. The module having water-cooled zig-zag path Nd: glass slab amplifier has a small but enough size 
to investigate the key issues of the laser fusion driver such as thermal effects, beam quality, energy flow and 
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efficiency in the system, and to confirm our conceptual design4>. Along with the HALNA development, high average power 
lasers with high repetition or CW operation are also developing. Direct use of LD, High rep-rate DPSSL, and laser 
produced plasma X-ray source are our scope to develop for industrial application. 

2. INVESTIGATION TOWARD LASER DRIVEN IFE POWER PLANT 

The establishment of gain scaling of implosion fusion with the evaluation of the tolerable conditions on driver and fuel 
pellet is the most important issue. The worldwide efforts to clarify the implosion physics have given us a feasible prospect 
toward the achievement of fusion ignition, burning and energy gain. It should be noticed that the validity of a simulation 
code to give the gain scaling is examined by implosion experiments and also physical modeling of each elementary process 
of implosion. Fig.l shows a typical example of gain scaling. 

The reactor technologies for IFE (Inertial Fusion Energy) power plant have been identified and evaluated through the 
conceptual design studies. KOYO was reported in 19925>-6), which was designed taking into account the newest gain 
scaling of direct drive at that time and, the progress and perspective of DPSSL technology. A wetted wall, which is formed 
with seeped out LiPb layer from guided flow in woven SiC pipes, is the key concept of the chamber. The feature of system 
design of KOYO is the arrangement of multiple chambers to one driver as shown in Fig. 2. This gives us wide flexibility in 
optimizing the system design. The most critical issue which affect the engineering feasibility of a laser fusion power plant is 
high power laser driver. The required specifications for the laser driver of KOYO are ( i) pulse energy of 4MJ/pulse, ( Ü) 
repetition of 12Hz, (iii) overall efficiency of 12%, with(iv) low cost and long life with enough robustness. The 
development of this kind of super laser is very challenging for new technology. The progress of high power single shot laser 
and the prospect of the development of high average power laser for power plant are shown in Fig.3. 

3. SPACE APPLICATION OF HIGH POWER LASER 

The ASPIC (Advanced Space Propulsion Investigation Committee) has investigated non-chemical propulsion system and its 
mission plan working on a specific system concept for the construction of future space infrastructure. The technical main 
part of this concept is to use Laser Orbital Transfer Vehicle (LOTV) for carrying the payloads from LEO to GEO . The 
overall concept is shown in Fig.4. The LOTV catches pay loads on the LEO and are accelerated by receiving the laser power 
from Air Born Laser Platform (ABLP). The payloads are released on GEO and LOTV comes down to LEO for next 
mission. The conceptual design and mission analysis have been conducted at ASPIC working. The overall specifications are 
shown in Fig.4. The design of laser thruster and performance test with protomodel is urgently required to give the 
reasonable prospect of this concept. 

The basic design of laser on ABLP is essentially same as the laser fusion driver. The unit module of laser output of lkJ 
is identical with the fusion driver for power plant KOYO. We can share the technical developments each other. There are 
many technical issues, which must be developped to demonstrate the technical feasibility and also the economical merit of 
the new space system. They span over very wide fields of engineering including rocket propulsion, plasma physics,laser 
technology, precision measurement and control, and many high-tech engineering. Transparency and collaboration in the 
world are essential condition to proceed the research and development. 

4. SCIENCE AND INDUSTRIAL APPLICATIONS OF HIGH POWER LASER 

High power laser applications in science and industry are opening new fields of physical paramenters of materials, new 
interaction physics and new methodology in engineering. Some typical examples are shown in Fig.5 together with the 
prospect of laser fusion development. It should be noted that the specific features of industrical laser such as stability, 
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mentainability, robustness, low cost of facility and operation, conpactness, and flexibility and easy of operation are 
essentially important for the future expansion of the use of laser light. High power LD and DPSSL are the most feasible 
candidate in laser application. 

5. DEVELOPMENT OF HIGH AVERAGE-POWER LASER 

FOR HUCLEAR-FUSION APPLICATION (HALNA) 

We have newly designed a DPSSL driver HALNA (High Average-power Laser for Nuclear-fusion Application) based on 
a water cooled zig-zag path slab laser module, which can deliver lOkJ output energy at 350nm with 12Hz repetition4». 

Two typical schemes of assembly of solid state laser amplifier plate are shown in Fig.6 with pumping LD and flow of 
coolant. We have adapted the water-cooled zig-zag path concept mainly because of better cooling capability and efficient 
coupling of LD pump light with simpler configuration. In adapting this concept, we rely on progress of coating technology 
on laser slab and phase coupled combining of multiple beams. The schematic design of the module for KOYO driver is 
shown in Fig.7,which can deliver lOkJ output energy at 350mn with 12Hz repetition. 

As a first step of development, 10JX 10Hz module HALNA-10 has been constructed to investigate and confirm the 
technical key issues of this concept of DPSSL such as thermal effects, beam quality, energy flow and efficiency, and life of 
key elements such as cooling surface, laser slab, and diode. It can be scaled up as shown in Fig.7 to reach to a 1 OkJ X 10Hz 
module which consists of 15 beamlets with phase coupled beam combining. 
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[Specification of LOTV, ABLP and Mission ] 

[LOTV] 
weight of LOTV 1000 (kg) 
weight of propelant 2900 (kg) 

[LOTV Thrustor] 
thrust 40.8 (N) 
specific thrust 1000 (sec) 

[Trajectory] 
time from LEO to GEO 10 (days) 
circulation for one mission70 (turns) it 

[ABLP] H2 improved 
laser power 700 (kw at co) 

500(kwat co) ,^m w&K 
weight of laser on ABLP <200 (ton) mm 
operation mode at to lkJX700Hz £*5L ~70kJX10Hz *•#,- 
pulse width 10~50(ns) ^ ■■«?*..* 

beam divergence 1 ~2TDL 

Fig.4. Concept of LOTV, ABLP and Mission. 
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Fig.6.    Typical layout of laser material, coolant flow, and pumping LD for high average power DPSSL. 

(a)zig-zag slub type with water cooling and (b) disk type with gas cooling. 

ProcSPIE Vol. 4184 175 



IkJ (I053nm) X lSBeamlct* 
lOfcJ X 12Hz (351nni) Module 

400 Modules = 4MJ 

Outou; 
10 kJ (3S1 M); 

IO J (1053 Mm>x 10 llz 
l^aer C>ul|Mit 

Fig.7.   Development plan for reactor driver module of 1 OkJ X 1 OHz starting from equivalent mini-module of 1OJ X 1 OHz . 

4.1. Experimental Setup 

We constructed a 200-kW LD pumped 1 OJ X 1 OHz 1053nm Nd: glass zig-zag slab laser driver module HALNA 10. For the 
laser gain medium, we have adopted the glass host which can be produced in large sizes with good optical quality. The Nd: 
glass slab is cooled on both sides with flowing water having higher cooling capability than He-gas cooling. The Nd: glass 
slab thickness and the stored energy density were chosen to be same values as those of the 1 OkJ driver module. The 803nm 
AlGaAs laser diodes (Hamamatsu Photonics) to pump the Nd: glass slab amplifier have been successfully constructed, 
which generate in total over 200k W peak power with 2.6k W/cm2 peak power intensity at duty cycle 0.2%(10Hz)(Fig.8). 
The 1053nm small sigmal gain of main amplifier was measured to be 15.9perpass with 0.35ms LD pumping, which is large 
enough to obtain the output over 10J. The stores energy (34J) and pumping efficiency (44%) of main amplifier at 1053 nm 
showing the design points are nearly attained. 

4.2. Experimental Results and Discussion 

The 8.5J X 0.5Hz 1053nm output energy was obtained in a preliminary experiment (Fig.9). The extraction efficiency was 
24% in this case. The optical to optical conversion efficiency was 10.9%. The output pulse width was measured to be 20ns 
(FWHM). The near-field patern of 20mm X 10mm with a filling factor of 50% and two times diffraction limitted far-field 
pattern were observed. With increasing the system transmission to 55% in the multi-path amplification, the 10J X 10Hz 
output at 1053nm can be realized by compensating for simultaneously the thermal lens, thermal birefringence, and thermal 
aberration. 

The resistivity of Nd: glass surface against flowing water versus time was evaluated by measuring the scattering loss at 
632.8nm. After over one year, the scattering loss was as low as 1.3 % through 14 bounce path with HAP-4 Nd: glass, 
verified using the scattering loss measurement. 

The performances of HALNA 10, except the output, extraction efficiency and optical to optical conversion efficiency, 
nearly confirmed our conceptual design. We have a confidence that a next 100J X 10Hz DPSSL module HALNA 100 
(Fig.8) can be constructed using 2 MW LD pumping, where the vertical thermal lensing, observed strongly (26cm focal 
length) with the 10J X 10Hz module, will become smaller (25m focal length) due to increased LD pump width from present 
1 cm to 5cm. 
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F1G.8. Photograph of quasi-CW 110 kW AlGaAs laser diode module (top), measured total peak power and electrical to 
optical efficiency (bottom left), and comparison between measured lasing wavelength of module and absorption 
line of HAP-4 Nd: glass (bottom right). 
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FIG. 9. 1053-nm output energy at 0.5 Hz versus input energy (left), and near field(NFP) 
and far-field (FFP) patterns at 8.5-J output energy at 0.5 Hz (right). 
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5. CONCLUSION 

We are developing high average power laser of low rep-rate and large pulse energy with good beam quality for laser fusion 
and also for space application. The driver for laser fusion power plant requires output energy of ~MJ/pulse and tens MW 
average power with good beam quality of order of diffraction limit and high efficiency better than 10 %. These 
specifications are similar to the requirement for rocket propulsion and LOTV. 

We have designed a DPSSL of water cooled zig-zag slab Nd:glass laser NALNA, which has 10 kJ output power as a 
module being consisted with 15 beamlets. Each beamlet has 1 kJ output at 1.05 p. m. This beamlet is the basic unit, which 
combined in different ways depending on applications. A small scale test module of 10 J X 10 Hz output power, HALNA- 
10 has been constructed and tested. Even the preliminary results have given us confidence to be able to scale up and to 
achieve the designed specification. 

Various kind of operation mode from CW, high repetitive operation of kHz~MHz, and low rep-rate of order 10 Hz with 
large pulse energy can be designed in accordance with different applications. Industrial applications of laser power are being 
proceeded keeping the collaboration between university and industry with complimentary contributions which spans over 
fundamental physics of laser-matter interaction to machine development. We are now facing to exciting phase toward 
new era of engineering which utilizes more light. 
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ABSTRACT 
All-solid-state laser sources are required for numerous applications in industry and science. Scaling of average output 
power while preserving a diffraction limited beam quality results in high brightness operation. However, conventional 
laser systems suffer from thermally induced phase distortions in the active medium, which considerably reduce their 
beam quality. Advanced pumping geometry, diode pumping, as well as active media with high quantum efficiency can 
reduce the thermal load. But the remaining phase distortions result in a reduction of beam quality. 
Optical phase conjugate mirrors are suitable to compensate for phase distortions in master oscillator power amplifier 
systems (MOPA). Stimulated Brillouin scattering in conventional, commercially available silica fibers facilitates 
reliable and stable phase conjugation. These all-solid state devices reveal an energy reflectivity of almost 90% and 
require low financial efforts. Moreover, the SBS threshold is determined by the appropriate fiber core diameter. 
Therefore fiber phase conjugators can be applied in continuously pumped, repetitively q-switched laser systems which 
usually exhibit smaller peak power in comparison with pulsed pumped systems. 
A four-pass amplifier arrangement with birefringence compensation was developed. Nearly diffraction limited output 
with 32 W average power has been achieved at 10 kHz repetition rate. Power scaling up to 100 W seems to be possible. 

Keywords: Phase Conjugate Mirror, Stimulated Brillouin Scattering, MOP A, High Brightness 

INTRODUCTION 

Stimulated Brillouin Scattering (SBS) is the most attractive process to realize self pumped phase conjugate mirrors 
(PCM) for high power operation. To compensate for phase aberrations the beam passes the distorted active medium 
twice. After the first amplification pass the beam quality is reduced and the distorted beam enters the SBS mirror. Then 
the reflected phase conjugate beam propagates the same way through the active medium. Thereby the beam passes 
again the same phase distortion and the initial beam quality can be reproduced. 
Liquid or gaseous SBS cells cannot be used in continuously pumped laser systems since their peak power thresholds are 
in excess of the available pulse peak power. In a waveguide geometry the SBS threshold depends on the waveguide 
medium as well as its dimensions. Therefore, the peak power threshold can be adapted to the available pulse peak 
power choosing adequate waveguide dimensions. Multimode silica step index fibers are suitable waveguides for this 
purpose. Moreover, they are easy to handle and harmless to the environment. An estimation of their SBS power 
threshold is given by 

P   -2hA# rthr * ' 
Leff'SB 

where Aeff is the effective area inside the fiber core, and gB the Brillouin gain coefficient.1 For silica fibers gB is about 
2.4 cm/GW. The lower Brillouin gain coefficient of quartz glass compared to liquid or gaseous SBS media can be 
overcome by an increased interaction length. The effective interaction length Leffis approximated by min {L/y,er, Lcohr}, 
where Lju,er is the length of the used fiber and Lcohr the coherence length of the laser system. The effective interaction 
length as well as the Brillouin gain coefficient are affected by the longitudinal mode spectrum of the laser system. A 
more detailed discussion taking this into account is published elsewhere.1 
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MASTER OSCILLATOR 
The developed master oscillator is depicted in Fig. 1. It consists of a diode pumping chamber, an acoustooptic 
modulator (AOM), an etalon, a thin-film polarizer (TFP), an output coupler and high reflectivity mirrors. The ring 
resonator is applied to avoid spatial hole burning. The external feedback mirror facilitates clockwise unidirectional 
operation. As active medium a Nd:YAG rod is used with a length of 56 mm and a diameter of 4 mm. An additional 
intracavity etalon with a thickness of 2 mm and a reflectivity of 50 % reduces the spectral bandwidth to increase the 
possible interaction length inside the fiber. A lens with a focal length of f = - 500 mm increases the fundamental mode 
diameter. Q-switching operation is obtained using an AOM with a repetition rate of 10 kHz and an RF driver power of 
5 W. The oscillator provides an average output power of 10 W with a nearly diffraction limited beam quality. Pulse 
widths of 280 ns lead to pulse peak power of 3 kW. 

Feedback 

Etalon 
HR/^      n Nd:YAG 7{ % 

R= 92% 

AOM 
\\-k. 

Output 

Lens     TFP 

Fig. 1: Scheme of the developed diode pumped Nd:YAG master oscillator 

AMPLIFIER ARRANGEMENT 

Two commercially available pumping chambers from an industrial laser system are used as amplifiers. The identical 
Nd:YAG rods with a diameter of 6.35 mm and a length of 178 mm are pumped by two arc lamps in specular cavities. 
Assuming a maximum average oscillator power of 10 W and a repetition rate of 10 kHz the pulse energy cannot exceed 
1 ml Therefore the energy density in front of the first amplifier can be estimated to be smaller than 10 mJ/cm2 in case 
of a 4 mm beam diameter. Taking a saturation energy density of 500 mJ/cm2 for Nd:YAG into account, the amplifiers 
would operate far below their saturation fluence resulting in a small extraction efficiency. However, the extraction 
efficiency can be improved by increasing the number of amplifier passes. 
Therefore a four pass amplifier arrangement was applied, see Fig. 2. The oscillator beam passes an optical isolation and 
is amplified in a serial amplifier arrangement. To compensate for thermally induced stress birefringence in the active 
media the well known relay-imaging setup containing two lenses and a 90° quartz rotator is used. Birefringence 
compensation results in depolarization losses below 2 % after passing both amplifiers. After the first amplification pass, 
the beam is collimated and reflected using a conventional curved HR-mirror. 
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HR H 
cw Nd:YAG 

Amplifier 

A/4 

cw Nd:YAG 
Amplifier 

Faraday 
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7| Output 

Pol 

Fiber HR 

Fig. 2: Continuously pumped MOPA system with four pass amplifier arrangement and fiber phase conjugator 
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The polarization direction is rotated by 90° passing the quarter wave plate twice. During the second pass the beam is 
amplified again and coupled into the fiber phase conjugator. The beam is phase conjugated in a multimode silica step 
index fiber with a core diameter of 50 /im, a numerical aperture of 0.22, and a length of 5 m. After two additional 
amplifier passes the initial beam quality is reproduced and the beam is extracted with help of the optical isolation. 
Applying the four pass scheme to the serial amplifier arrangement an average output power up to 32 W has been 
achieved at 10 kHz repetition rate. Figure 3 shows the measured output power as a function of the oscillator power. 

0      12      3     4      5     6 
Average ocillator power / W 

Fig. 3: Measured average output power as a function of the oscillator power. 

Figure 4 shows the reflectivity of two different multimode silica fibers with a core diameter of 25 and 50 /im as a 
function of the incident pulse peak power. The given reflectivity is corrected for coupling losses and exceeds 85 % for 
both fiber phase conjugators. Their SBS power thresholds were extrapolated to be 0.3 kW, and 2.0 kW respectively. 
The often used SBS liquid carbon disulfide (CS2) exhibits a 9-times higher SBS threshold, compared to the multimode 
silica fiber with 50 /im core diameter. 
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Fig. 4: Reflectivity of multimode silica fibers with a core diameter of 25/tm and 50/im vs. pulse peak power. 

BEAM QUALITY 

The beam quality measurements were carried out according to the international standard 'Test methods for laser beam 
parameters", ISO/CD 11 146.3 Hereby the beam radius is determined by the second moment of the intensity distribution. 
The setup shown in Fig. 5 was used for a simultaneous measurement of beam quality and average output power. Fresnel 
reflection at two uncoated wedge plates supplies an attenuated beam that is focused with a long focal length lens 
yielding an external beam waist. A 10-bit digital CCD camera was used to determine the beam diameter along the 
beam's caustic. The times diffraction limit factor M2 was determined to be smaller than 1.3 for both directions in space, 

see Fig. 6. 
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Fig. 5: Beam quality measurement setup. 
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Fig. 6: Determination of the times diffraction limit factor M2 

CONCLUSION AND OUTLOOK 

A continuously pumped all solid state Nd:YAG MOPA system with fiber phase conjugate mirror has been developed. 
Due to phase conjugation the initial beam quality of the master oscillator is reproduced after four pass amplification. 
Average output power up to 32 W with a times diffraction limit factor M2 smaller than 1.3 has been obtained at 10 kHz 
repetition rate. Stimulated Brillouin scattering in a multimode silica fiber with a core diameter of 50 /im facilitates 
phase conjugation for pulse peak powers above 2 kW. The fiber phase conjugate mirror is self-pumped and reveal 
energy reflectivity up to 88 %. 

Currently output power scaling up to 100 W is under development. Therefore an improvement of extraction efficiency 
in the serial amplifier arrangement is the main issue. Moreover, the pulse length of the master oscillator will be reduced, 
resulting in higher pulse peak power and increased energy reflectivity of the fiber phase conjugate mirror. To enhance 
the amplifier's extraction efficiency active media with smaller diameter are used to obtain an increased energy density. 
Additionally, diode pumping will be applied to improve the amplifier gain and the overall efficiency of the MOPA 
system. 
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ABSTRACT 

Copper vapour lasers are high repetition rate, pulsed devices with output at 51 lnm (green) and 578nm (yellow). 
In recent years, diagnostic studies have led to advances in power, efficiency and output beam quality. Originally 
developed for industrial scale isotope enrichment processes, new applications for these lasers include high-speed 
imaging, velocimetry and micro-machining of hard materials. By frequency doubling the 51 lnm green output, 
output powers of order 1W at 255nm in the UV can be obtained. This radiation is ideal for the manufacture of 
Fiber Bragg Gratings - essential components for modern optical telecommunications. Kinetic enhancement of 
the excitation mechanisms of the laser provides not only increases in output power of compact copper lasers but 
also dramatic improvements in laser brightness. 

Keywords: metal vapour lasers, high speed imaging, velocimetry, micro-machining, fiber Bragg gratings, high 
power UV, kinetic enhancement of copper lasers 

1. INTRODUCTION 

The best known type of metal vapour laser is the copper vapour laser (CVL) which is representative of the class known as 
'self-terminating' or 'cyclic' lasers whose amplifying medium is the vapour of a neutral atomic species, usually a metal. 

The CVL is characterised by its ability to produce high 
average powers in the form of pulses of 20-40ns duration on 
two visible transitions (51 lnm green, 578nm yellow) from 
units capable of round the clock operation. Typical 
efficiencies are of the order of 1-3% for the conversion of 
electrical input to laser power. CVLs can also be operated in 
the form of oscillator-amplifier chains. 
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Figure 1 Low-lying energy levels of atomic copper 

The basic principles of operation can be understood from the 
atomic term diagram of the neutral copper atom shown in 
Figurel. In a fast rising, high current pulse in a discharge 
containing a buffer gas (neon) and ~ 0.3mbar of elemental 
copper vapour, electrons excite copper atoms preferentially to 
the 2P upper laser levels. The population in these levels 
quickly exceeds (on a per statistical weight basis) that of the 
metastable 2D lower levels and a short period of gain lasting 
up to 50-70ns ensues. 

After the laser pulse the population has been transferred to the 
2D lower levels which are optically forbidden to decay back to 
the 2S ground state by the strong parity selection rule. 
Fortunately, electron quenching in super-elastic collisions 
provides an effective route by which the 2D population can 
decay on timescales of 10-100 us. By the time of the next 
current excitation pulse, the residual lower laser level 
population is small. 
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2. MILESTONES IN METAL VAPOUR LASER DEVELOPMENT 

2.1. Elemental CVLs 

The earliest report of self-terminating laser action was the demonstration of the atomic Pb laser in 1965 by Fowles and 
SilfVast1. This was followed in 1966 by the first demonstration of laser action in a furnace heated CVL by Walter et at. 
Isaev et at in 1972 made a major step forward with the demonstration that the heat of the discharge alone was sufficient to 
evaporate metallic copper and thus provide a self-heated CVL. Another important development was made by Smilansky et 
at in 1978 who showed that uniform discharges in the neon/copper vapour mix were possible in wide bore discharge tubes, 
opening the way to volumetric scaling of CVL output. 

Developments of elemental CVLs continued throughout the 1980's and in 1987 Warner et at disclosed that amplifier units 
providing 775W each were incorporated into the master oscillator / power amplifier (MOPA) chains installed at Lawrence 
Livermore National Laboratories (LLNL). 

2.2. Limitations to Elemental CVL Performance 

One of the problems which limits the ability of the elemental CVL to operate at very high repetition rates is the fact that the 
electron density does not decay sufficiently fast between excitation current pulses. Experiments by Hogan6 using a two- 
wavelength interferometric technique show that in a standard CVL (even one containing 0.5% H2 in neon) decays to only 
about 30% of the peak value (~ 1 x 1014cm"3) in the 150us inter-pulse period. 

The consequence of this is that the tube remains weakly conducting at the start of the next excitation pulse and a small dark 
current (the phantom current) flows before the gas in the tube undergoes breakdown. The presence of this remanent 
electron density is thus to decrease the excursion of electron temperature on the leading edge of each successive laser pulse 
with deleterious effects on the excitation of copper atoms. 

2.3. Copper Halide Lasers 

The high temperature (1500C) needed to provide an adequate vapour pressure of elemental copper for CVL operation was 
initially seen as a problem for CVL technology. In the 1973/74 period several groups7,8 experimented with copper halide 
vapours such as CuCl which have sufficient vapour levels in the 500-700C range. In these early experiments laser 
operation was obtained on the second pulse in a double-pulse pair, in which the first pulse served to dissociate the halide 
molecules into their atomic constituents. In 1974 Sabotinov et at developed truly pulse-repetitive lasers in Ne-CuBr 
vapour mixtures showing that devices of average power several W could be obtained using the halide vapour approach. 

2.4. Copper HyBrlD Lasers 

Electron density on Axis 

Timers 

Figure 2. Time dependence of electron density 
in elemental and HyBrlD CVLs1' 

A major advance in halide containing CVLs was 
made in 1990 by Maitland, Little, Jones and co- 
workers at St Andrews University10 in the form of 
the Hydrogen Bromide In Discharge (HyBrlD) laser 
concept. In this laser the copper vapour is obtained 
from metallic copper strips lining the discharge tube 
at intervals along its length by the action of HBr gas 
entrained in the flow of neon. 

These devices which operate at temperatures of only 
600C, like their copper halide predecessors, can be 
fabricated from silica tubing using glass-blowing 
techniques. This allows a greater degree of design 
flexibility than their high temperature elemental 
CVL counterparts. 
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As shown in Figure 2, the electron density in a HyBrlD laser" reaches peak values some 30 times higher than that of a 
comparable elemental CVL and decays very much more rapidly before the next pulse is applied, allowing operation at much 
higher pulse repetition frequencies. 

So far, HyBrlD laser technology does not seem to have been commercialised. Perhaps this is associated with the problem of 
dendrites of metallic copper building up in the cold end-regions of HyBrlD laser tubes. The dendrites can grow large 
enough to obstruct the beam path after the laser has been operating for some time. Nevertheless, excellent efficiencies (up 
to 3%) have been reported for such devices12 with output powers of order 100-300W. 

2.5. Evolution of High Beam Quality CVLs 

One of the problems with early elemental CVLs was that in order to run efficiently they needed rather low buffer gas 
pressures (less than 50mbar). As shown in Figure 3, the beam profile at early stages develops from an annular profile of 
seed emission.13 This is due to the large value of remanent electron density which constrains the radial penetration depth of 
electric fields of the applied excitation pulse via the so called 'skin effect' in conducting media. 

Figure 3. Time traces of laser intensity across aperture of Oxford 
Lasers LS20-10 for a) 30 b) 50 c) 80 d) 115mbar 

Figure 4. Far-field intensity profiles a) measured for 
LS20-10 laser with M=360 resonator b) diffraction 
limited Airy profile 

Modifications to the electrical circuits have allowed efficient operation of the CVL at higher values of buffer pressure which 
give rise to gain profiles which are axially peaked (as shown in Figure 3). In early CVL oscillators it was necessary to use 
off-axis unstable resonators to take advantage of the early growth of gain at positions near the tube wall to provide a beam 
which could be used to seed the axial region of the same tube and thus extract low divergence output. However, the 
combination of new excitation circuits and a small admixture (0.5%) of H2 in neon can give rise to a radial profile peaked 
on axis. This allows axial unstable resonator configurations to be employed, giving rise (as shown in Figure 4) to near 
diffraction limited beam quality with commercial single unit CVLs.13 

2.6. CVLs in Isotope Separation 

The main driving force behind the development of high power CVL chains throughout the 1980's was the requirement for 
an industrially qualified, high repetition rate, pulsed laser system to pump the dye oscillator amplifier laser chains employed 
in pilot plants investigating the commercial feasibility of laser techniques in uranium isotope enrichment. 

At LLNL in the USA a demonstration facility was constructed using in-house technology to provide three beams of several 
kilowatts average power tuned to individual absorption lines of U235. The first of these beams selectively excites ground 
state U235 atoms to an excited configuration from which the second beam step-wise excites (also selectively) these atoms to 
an even higher configuration. The third beam ionizes the excited atoms which are then extracted as ions under the influence 
of electric and magnetic fields. 

A similar but smaller test facility was constructed in the late 1980's by British Nuclear Fuels (later URENCO) at its 
centrifuge enrichment facility at Capenhurst in the UK. The CVLs for this installation and its precursors at Harwell and 
Culham Laboratories were designed and manufactured by Oxford Lasers Ltd. 
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In the early 1990's, following the demise of the former Soviet Union, quantities of enriched uranium from former weapons 
industries began to appear on the open market. The need for new and exotic means of enriching uranium fuel for the 
dwindling number of nuclear reactors then under construction effectively disappeared and Oxford Lasers Ltd was faced with 
the prospect of finding new applications for its expertise in CVL manufacture. 

New applications have been successfully developed by the company and are described in the following sections. 

3. NEW APPLICATIONS 

3.1. High Speed Imaging 

Because of its short pulse duration (less than 30ns) and high repetition rate capability (up to 30kHz in standard air cooled 
units) the CVL makes an ideal strobe lamp for illuminating very fast events in conjunction with film motion pictures or 
video cameras. A very important feature of CVL performance in this application is the low jitter (less than 2ns rms) in 
timing between the command pulse and the appearance of the laser pulse. 

One of the many applications that could be mentioned in this context is the certification testing of new jet engines for the 
aero-industry in which a turbine blade is deliberately exploded. Clearly engine manufacturers wish to recover as much 
information as possible in the few 10's of milliseconds following the explosion and illumination of the engine with CVLs 
linked to high-speed cameras has provided unique insights. 

At a more humble level, the ability of the high intensity of the CVL pulse has enabled the recording of excellent motion 
pictures showing the behaviour of molten metal in a weld-pool during electric arc welding. In this application, the narrow 
band nature and short duration of the laser pulse is essential for the rejection of the broad band emission from the arc plume 
since both spectral and temporal filtering are employed. 

3.2. Velocimetry 

For studies of fluid flow for example in internal combustion engines, the multi-pulse nature of the CVL output is extremely 
important. It allows multiple images of individual droplets of unburnt fuel or seeding particles to be recorded, revealing the 
direction and magnitude of velocity of the particle using lightsheet illumination. Using this technique, researchers have 
been able to record time resolved vector maps of the velocities of the fuel / air mixture in IC and diesel engines. 

3.3. Micro-machining 

3.3.1.     Drilling with CVLs 

In recent literature there have been many publications which suggest that clean, dross and recast-free holes can only be 
drilled in metals and other hard materials using lasers whose pulse duration is less than 1 picosecond.14 However, in 
techniques developed at Oxford Lasers Ltd, it has been demonstrated that clean, dross free holes with excellent internal 
finish and sharp edges can be drilled in such materials with CVLs at rates suitable for industrial production processes. 

In the example shown in Figure 5 the 50 micron diameter holes were drilled with CVL beams of near diffraction limited 
beam quality. The technique employs a proprietary trepanning device to direct the focus spot (typically 5-10 microns 
diameter) in a circular path. In this way, a circular plug is removed from the surrounding metal leaving a slightly 
undersized hole which is then finished to the required dimensions by continuing the trepanning motion of the beam. 

This technique is not necessarily restricted to the CVL. Technically it would be possible to use other pulsed, visible, 
nanosecond lasers but the CVL offers a unique combination of beam quality, average power and repetition rate, as well as 
round the clock performance required for an industrial system. 
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3.3.2.     Characteristic time scales and diffusion lengths 

Following Corkum et a/15 it is possible to characterise the laser-metal interaction into three different regimes according to 
whether the laser pulse duration Tp is shorter than the characteristic time xe describing the thermalisation time of the electron 
gas or is intermediate between that and T; (the relaxation time of the lattice ions) or finally whether Xp is longer than t;. 

Calculations due to Kapitän13 of the magnitudes of these times and the associated diffusion lengths for heat transport in Al, 
Fe and Cu metals are listed in Table. 1. From this table it is evident that the characteristic diffusion lengths for pulses of 
10ns duration in these three metals are of order lum and that reducing the pulse duration by a factor of 104 to lOOfs reduces 
the diffusion scale length by only a factor of 5. 

regime characteristic time-scales and diffusion lengths Al Fe Cu 

Te  =  (8/JT)"4  (1/g)  (CeCirfl,)'" 10.4 ps 13.3 ps 13.2 ps 
Ti =  (8/jt)"4  (1/g)   (Ci^Ce)'" 90.9 ps 149.6 ps 141.5 ps 

Tr, < Te De = (128/*)"8 (k/g)1" (c/W4 0.13 um 0.26 urn 0.18 um 
Te < Tp  < Tj DJ =  (%Jze)

U5 De =  (x^f5 De 0.20 um 0.42 urn 0.29 um 

Ti  < Tp A = (KXv)m for T„sl0ns 0.98 um 0.48 um 1.07 um 

Table 1. Timescales and diffusion lengths from the two-temperature model.15 The electron phonon coupling constant g and electron heat 
capacity ce are taken to be 1011 Wcm"3K_1 and O.Ucm^K"1 respectively for all metals. The threshold temperature Ta, is taken to be the 
boiling temperature of metal for the explosive ejection regime considered here. 

Analysis of a large volume of published data on laser / metal interaction13 indicates that the key parameter in determining 
whether the interaction is below threshold or sufficient to cause evaporation or to cause explosive melt ejection is the value 
of energy absorbed per unit volume, rather than the fluence (energy per unit area). In calculating the appropriate volume, it 
is the cylinder defined by the area of the laser focal spot together with the appropriate diffusion length that is required. 
Since the diffusion length is independent of pulse duration for Tp less than lOps, in this regime the threshold fluence 
approaches a constant value and becomes independent of Tp. The value of absorbed energy density per pulse at which 
explosive melt ejection occurs is in the region 105 to 106 Jem"3. This marks the transition from a slow surface evaporation 
process to the melt explosion process required for successful drilling. 

3.3.3.     Industrial micro-machining systems 

A photograph of an industrial micro-machining system including a five-axis work station and 45 W CVL manufactured by 
Oxford Lasers Ltd is shown in Figure 6. Systems of this type have been delivered to manufacturers of automotive 
components for the drilling of diesel or gasoline fuel injector nozzles (see Figure 7) and to manufacturers of high precision 
inkjet printers. Table.2 lists the capability of such CVL drilling equipment. 

5>3-7f,-.- , 

Hole diameters: 20-500 um 
Hole roundness and 

diameter tolerance: ±3 um 
Hole taper: Variable (+,0,-) 
Hole depths: 0.010-1.5 mm 
Recast layer: < 1 um thick 
Component heating: Minimal 
Hole angles: Multi-axis drilling 
Materials: All hard materials 

Figure 6. Five-axis workstation for 
micro-machining 

Figure 7. A swirl gasoline injector for use 
in racing car engines 

Table 2. CVL drilling capability 
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FBG250 FBG600 FBG1000 
Average Power   @ 255 nm 250 600 1000 

Options     @ 271 nm 250 600 1000 

@289nm 100 250 400 

Peak power (kW) 1.5 4 6 

Power stability (+/- % rms) 3 3 3 
over 8 hours 

Spatial coherence (mm) 2 2 1 

Beam diameter (mm) 3 4 4.5 

Divergence (mrad) 0.3 0.3 0.6 

Pointing stability (mrad) 0.05 0.05 0.05 
Power consumption (kW) 3.5 4 4 

3.4. Fiber Bragg Grating Manufacture 

Efficient frequency conversion of the output from CVLs has been the subject of many studies in recent years, particularly 
since the introduction of ß-barium borate (BBO) as the non-linear material. Courts'6 obtained powers of 1.75W at 255nm 
(SHG of 51 lnm), 1.2W at 289nm (SHG of 578nm) and 1.5W at 271nm (sum frequency 51 lnm + 578nm) from a nominally 
20W CVL. This work has been commercialised by Oxford Lasers Ltd in the design and production of a range of UV 
industrial CVLs whose properties are summarised in Table 3. 

Fiber Bragg Gratings (FBGs) are an 
essential component for modern 
telecommunications systems in which 
dense wavelength division multiplexing 
(DWDM) is employed to increase the 
information transmission capacity of 
optical fiber networks by transmitting 
many (40-100) individual wavelength 
channels down a single optical fiber. To 
tune the semiconductor transmitter lasers to 
the specific wavelengths required and to 
split out individual channels at the 
receiving end requires the use of sharply 
tuned filters that employ Bragg gratings 

  inscribed in the core. 
Table 3. Specification of Oxford Lasers UV CVLs for FBG manufacture 

The technique of inscribing FBGs in telecommunications fiber involves exposing the fiber to a striped pattern of UV light in 
the range 230-260nm where the germanium-oxygen bond has a characteristic absorption. The refractive index of the fiber 
core is permanently modified by exposure to the UV and, if the planes of alternating high and low refractive index are 
spaced at intervals of half integer values of the signal wavelength (in the fiber core medium), then strong and selective 
reflection of the signal occurs. 

In the production of FBG's the pattern of bands of alternating high and low intensity of the UV radiation can be obtained by 
splitting the beam from the UV laser into two and recombining it so that interference fringes occur in the overlap region. A 
simple way of achieving this is to use a phase mask. This is a plane transmission diffraction grating specially designed to 
produce only two orders of diffraction, say +1 and -1. There is no need for the fiber to be held in close contact with the 
phase mask during FBG imprinting provided the UV laser has sufficient coherence length. 

Three types of laser are used industrially for the production of FBGs. These are the frequency doubled argon ion laser, the 
KrF excimer laser and the frequency doubled (255nm) CVL. In choosing a laser for industrial FBG production, 
manufacturers look for a stable UV output power, good beam pointing stability, long coherence length and low running 
costs. Oxford Lasers experience with UV CVLs has shown that this laser satisfies all these requirements better than either 
of the alternatives. Its coherence length (40mm) is much longer than the excimer laser, its electrical efficiency in generating 
UV is 10 times greater than the argon ion laser and its running cost is less than $7 per hour. 

4. KINETICALLY ENHANCED CVLs 

Piper and co-workers17 at Macquarie University have demonstrated that very substantial improvements both to output power 
and beam quality in elemental CVLs can be obtained by the addition of very small controlled quantities of HC1 to the buffer 
gas mixture (neon + H2) in an otherwise standard laser. The efficiency and power gain results from dissociative attachment 
of electrons to HC1 in the inter-pulse period which acts to rapidly reduce the free electron density and has the same 
beneficial effect in controlling the electron density and conductivity of the afterglow plasma as in the HyBrlD laser 
described above. 

The presence of Cl~ ions also aids in the quick recombination of Cu+ ions increases the available density of Cu in the tube 
which would otherwise be cumulatively depleted by repetitive ionization.   The performance benefits obtained by the 
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relatively simple modifications needed to upgrade standard CVLs are seen in terms of increased output power from a device 
of given volume. For example: in 1986 Oxford Lasers Model CU15 produced 10W output power on a plane/plane resonator 
with a lm long discharge tube of 25mm diameter; the LS 20-10 standard water cooled laser introduced in 1994 produced 
25 W from a tube of the same dimensions; with kinetic enhancement this device (designated LM100X in 1999) can produce 
60W from a tube of the same dimensions. There are also benefits in terms of the flexibility of operating frequency. Output 
powers in excess of 50W can be obtained from the LM100X for pulse repetition frequencies over the full range from 15 to 
40 kHz. Experimental devices of this type have been operated over frequencies of 5 to 100 kHz. 

Another feature of laser performance which is strongly influenced by kinetic enhancement is the duration of the gain pulse 
whose FWHM is not only noticeably increased but also achieves maximum gain later in the pulse. 

This means that the gain period during which low 
divergence radiation can build up in an unstable 
resonator is significantly extended. However, the 
most dramatic improvements from kinetic 
enhancement are seen when we consider the 
combined effect of increased output power and 
beam quality in the form of brightness of the beam 
measured in Watts per (mm.mrad)2 from a lm long 
x 25mm laser tube as shown in Figure 8. 
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Year 

Cul5       - 10W air cooled CVL (1986) 
LS2010   - 25W water cooled CVL (1994) 
LM100    - 20W water cooled CVL (1997) 
LM100X - 60W KE-CVL (1999) 

The patented technology of kinetic enhancement for 
CVLs has been exclusively licenced to Oxford 
Lasers Ltd for non-nuclear applications. 

Figure 8. Improvements to brightness performance of Oxford Lasers compact CVLs 

5. SUMMARY 

Although improvements in solid state, high repetition rate, pulsed lasers are being made, continuing development of CVLs 
has enabled them to maintain their position at the forefront of laser technology for industrial applications. 

CVLs can perform precision drilling in hard materials with little or no recast and minimal heat affected zones. Such laser 
systems are capable of round the clock operation in industrial environments for a variety of micro-machining manufacturing 
processes. With highly stable output power and beam pointing characteristics, 1000 hour routine service intervals and a cost 
of operation at only $7 per hour, they are winning widespread acceptance as industrial machine tools. 

New applications include: micro-milling, micro-cutting, etching and, with UV capability, the direct writing of Fiber Bragg 
Gratings. The implementation of kinetic enhancement offers substantial further improvements in CVL performance which 
will ensure that they continue to out-perform competition from solid state lasers for some time to come. 
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Figure 5. A 50um diameter hole drilled in lOOum thick stainless steel. Left hand view- laser entry side. Right hand view - laser exit side. 
The hole is shown in its "as-drilled" condition, no post-drilling clean-up has been applied. Note absence of dross, good internal 
finish and sharpness of edge. 

REFERENCES 

G.R Fowles and W.T Silfvast, "High-gain transition in lead vapor," Appl. Phys. Lett, 6, pp.236-237,1965. 
W.T Walter, M. Piltch, N. Solimene and G. Gould, "Pulsed laser action in atomic copper vapor," 
Bull. Am. Phys. Soc,.ll,p.ll3,1966. 
A.A Isaev, MA Karayan and G.G Petrash, "Effective pulsed copper-vapor laser with high average generation power," 
JETPLett, 16,pp.27-29,1972. 
I. Smilansky, A. Kerman, L.A Levin and G. Erez, "Scaling of discharge heated copper vapour laser," 
Opt. Commun. 25, pp.79-82,1978. 
B.E Warner, "Status of copper vapor laser technology at Lawrence Livermore National Laboratory," 
Paper CFH4 in CLEO1991 Tech Digest, pp.516-518, 1991. 
G.P Hogan and C.E Webb, "Time- and spatially-resolved electron density measurements in an operating copper vapour 
laser," Meas. Sei. Technol. 8, pp. 1095-1104,1997. 
C.S Liu, E.W Sukov and L.A Weaver, "Copper super-radiant emission from pulsed discharges in copper iodide 
vapor,";!/?/?/. Phys. Lett. 23, pp.92-93, 1973. 
C.J Chen, N.M Nerheim and G. Russell, "Double-discharge copper vapor laser with copper chloride as lasant," 
Appl. Phys. Lett. 23,pp.514-515,1973. 
N.V Sabotinov, "Copper Bromide lasers," pp.113-124 in Pulsed Metal Vapour Lasers, 
C.E Little and N.V Sabotinov (eds), Klüver Academic Publishers, NATO ASI Series, 1996. 

E.S Livingstone, D.R Jones, A. Maitland and C.E Little, "Charactersitics of a copper bromide laser with flowing 
Ne-HBr buffer gas,"Opt.Quantum Electron. 24, pp.73-83,1992. 

11. C.E Webb and G.P Hogan, "Copper laser kinetics - a comparative study," pp.29-42 in Pulsed Metal Vapour Lasers, 
C.E Little and N.V Sabotinov (eds), Klüver Academic Publishers, NATO ASI Series, 1996. 

12. E. Le Guyadec, P. Coutance, G. Bertrand and C. Peltier, "A 280W average power Cu-Ne-HBr laser amplifier," 
IEEE Jour. Quantum. Electron. 35, pp. 1616-1621, 1999. 

13. D. Kapitän, "Laser ablation with copper vapour lasers," D.Phil. Thesis, University of Oxford, 1999. 
14. C. Momma, B.N.Chichkov, S.Nolte, F.von Afvensleben, A.Tünnermann, H. Welling and B.Wellegehausen, "Short 

pulse laser ablation of solid targets," Opt. Commun. 129, pp. 134-142, 1996. 
15. P.B Corkum, F Brunei, N.K Sherman and T Srinivasan-Rao, "Thermal response of metals to ultra-short laser 

excitation,"/'^. Rev. Lett, 25, pp.2886-2889,1988. 
D.W Coutts, "Optimisation of line-focusing geometry for efficient nonlinear frequency conversion from copper vapour 
laseTS,"IEEEJour. Quantum Electron. 31, pp.2208-2214,1995. 
M.J Withford, DJ. W Brown, R.J Carman and J. A Piper, "Enhanced performance of elemental copper-vapour lasers by 
use of H2-HCl-Ne buffer gas mixtures," Opt. Lett. 23, pp.706-708, 1998. 

4. 

5. 

6. 

7. 

8. 

10 

16 

17 

190 Proc.SPIE Vol. 4184 



Time Resolved H atom Density Measurements in a Cu HyBrlD Laser 
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ABSTRACT 
We are presently developing nonlinear spectroscopic techniques for measuring the spatio-temporal density behaviour of H 
and halogen atoms species to investigate the action of these species in halogen enhanced copper lasers. In this paper, we 
report time resolved measurements of ground-state H atom density in a Cu HyBrlD laser obtained using two-photon allowed 
laser induced fluorescence. Ultraviolet probe radiation (205nm) was focussed through an end window to excite the n=3 level 
and the resultant Balmer fluorescence detected via a side window. The results indicate that the H atom density is depleted to 
less than half its prepulse value during the excitation pulse and then recovers almost fully during the first 20 microseconds of 
the interpulse period. By interrupting the discharge, we also have used the technique to investigate the H reassociation rate at 
the tube wall. The results suggest the technique, which may also be adapted to obtain halogen densities and gas temperature 
measurements, is a promising diagnostic for investigating halogen enhanced Cu laser vapor plasmas. 

Keywords: copper vapour laser, discharge, kinetics, H atom, density measurements, two photon, laser induced fluorescence 

1. INTRODUCTION 
The presence of halogen and hydrogen additives in copper laser discharges is well known for bringing about major increases 
in the total power, pulse rate and particularly their high beam quality output. The kinetics of these 'halogen enhanced' 
devices (including the kinetically enhanced copper vapor laser, the Cu HyBrlD laser and the CuBr laser with H2 additive) 
are much more complex than the pure buffer gas systems owing to the increased number of plasma species, and the plasma 
processes which output performance are not well understood. Though experimental measurements of the spatio-temporal 
evolution of Cu species[l-3] and electron densities[2] have been performed to 
date, the key reactants such as H and X species (where X is Cl or Br) have not n_3 
been measured. Such data is important for investigating the action of these species 
in the plasma directly and via computer modeling. 

In this paper, we investigate the potential of the two-photon allowed laser induced 
fluorescence (TALIF) technique for measuring the density of ground-state atomic 
H in a Cu HyBrlD laser discharge. H is expected to play an important role in the 
dissociative attachment reaction (HX + e" => X + H) and also H is an effective 
electron cooler and third body reactant on account of its low mass. The TALIF 
technique relies on two photon absorption at 205.14nm to excite the n=3 level 
from the ground-state which subsequently decays by the fluorescence of Ha 
radiation. This technique has been previously used for measuring the H density in 
etching plasmas[4], rf discharges[5], arcs[6] and flames[7]. The fact that it is a 
nonlinear process (signal °c [probe intensity]2) is a particular advantage in the 
present application since the quadratic dependence of the signal can be utilized to 
avoid the effects of populations in the cooler end-zones which are uncharacteristic 
of the active medium. This affects linear line-of-sight measurements, however, 
using a focussed probe beam in the TALIF scheme density information can be 
gained from a selected longitudinal location in the discharge. 

205nm 

656nm 

n=2 

205nm 

n=l 

Figure 1 Energy level diagram showing 
the pump and fluorescence transitions 

used in the TALIF scheme. 
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2. EXPERIMENT 

YAG 
(532nm) 
pumped 
dye 
laser 

The 205nm probe radiation was generated by frequency tripling the 615nm output of Lumonics HyperDye dye laser in a pair 
of BBO crystals (refer Figure 2). The output pulses, which were up to 0.4mJ in energy, ~10ns in duration and at 10Hz pulse 
repetition frequency, were focussed into the test medium using a plano-convex CaF2 lens. The focal position was 

approximately 200mm from the anode 
and on the tube axis. The relative probe 
energy was monitored by measuring the 
energy of the back reflected beam from 
the flat face of the focussing lens with a 
photodiode. The fluorescence signal 
was collected at right angles to the 
probe beam and passed though a 
narrow bandpass filter and onto the 
photomultiplier detector. To minimise 
the background signal due to the 
discharge itself, the fluorescence was 
first spatially filtered by imaging the 
waist through a slit. The probe pulse 
and the fluorescence intensities were 

Cu HyBrlD Laser recorded on a digital oscilloscope. 

17kHz 

615nm 

Figure 2 Schematic of the experimental set-up used to detect ground-state H atoms. 

12 

Preliminary tests were performed on a 
low pressure cell in which H2 at low 
pressure   (<10torr)    was   dissociated 

using a microwave discharge. The plasma was displaced from the probed region to enable the alignment of the focal spot 
with the light collection optics to be optimized more easily in an 
environment with low Hn background. As shown in Figure 3, it was 
found that the lens focal length was a critical parameter influencing the 
level and the saturation characteristics of the signal. For short focal 
lengths (<100mm), the signal level increased quadratically with probe 
intensity for pulse energies <0.1mJ but signal saturation was noted at 
the higher intensities. Saturation was also observed by othersfeg. 6], 
and is attributed to the photoionization of H. To avoid this saturation, a 
longer focal length lens was used (/=550mm); this provided adequate 
signal   strength,  however,  note  that  the  longer  focal   length  also 
introduced more scatter in the signal. 
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Measurements were performed on a Cu HyBrlD laser tube (in 
preference to the kinetically enhanced copper vapour lasers in our 
laboratory) as its lower operating temperature enabled the tube to be 
easily adapted to access the fluorescence signal from a side window. 
The HyBrlD laser, which has been described in detail previously[8], 
was a 20W device operating at 17kHz pulse rate. A slot 3 x 20mm long 
was cut into the alumina discharge tube at the position adjacent the 
probe focus and a silica window inserted into the slot. In principle, it is 
possible to monitor the fluorescence exiting through the end windows, 
however, the sidelight configuration was chosen to maximize the ratio 
of the TALIF signal to the background plasma emission. 
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Figure 3 Dependence of the square root of the 
TALIF signal on probe pulse energy for several 
lenses of different focal lengths (75,150 & 550mm). 

3. RESULTS 

As shown in Figure 4, the TALIF signal appears on a significant background of H^ emission from the plasma, particularly in 
the early afterglow (ie. <2us). For these early times, the TALIF signal (<5mV) is a small fraction of the background 
(>50mV) and thus the density cannot be accurately determined in this period. Due to the scatter in the TALIF signal, it was 
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necessary to average over many acquisitions. At the same time, it was important to minimise the measurement duration as 
there was signficant drift in the ambient H density. As a compromise, the TALIF signal was averaged over 60 acquisitions 
which measnt that each run of about 30 data points could be achieved within several minutes. Though some slight drift in the 
ambient H density was still observed, it was removed from the data by recording the prepulse value prior to each data point 
and then normalising each point to this value, 
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Figure 4 The time dependence of the TALIF signal during the interpulse period for a) a discharge in Ne with H present as an 
impurity and b) for normal Cu HyBrlD lasing conditions (ie. with 2-5% HBr additive). The time behavior of the background 

plasma induced emission Ha is also shown (solid curve). 

The temporal density behaviour was obtained for laser operation with HBr additive corresponding to near maximum output 
power, and for comparison for the laser operating with Ne buffer-gas only (ie. with H present as an impurity). The sources of 

scatter and proposed methods for improving the signal-to-noise are 
discussed in the next section. The results show that H atom density 
decreases markedly during the excitation phase (to <40 % of the prepulse 
value) for both buffer gas conditions. Initial indications suggest that 
recovery occurs more quickly during the interpulse period for the discharge 
in Ne buffer gas (during the first 5-10ns) than for the Ne-HBr HyBrlD 
discharge (10-20ns). 
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Figure 5 The decay of H density upon 
interrupting the discharge. 

The H density evolution was also observed when interrupting the discharge 
to investigate the rate at which H atoms reassociate by non-discharge 
processes. Using the timing electronics, the discharge was interrupted for 
8ms in phase with the 10Hz clock of the probe laser, and the probe delay 
scanned through this period. As shown in Figure S, the decay is single 
exponential with time constant ~3ms. The single exponential suggests that a 
single process dominates the decay. Moreover, the time constant is much 
larger than that for radial diffusion to the tube wall (~100ns), which 
suggests that the coefficient for H reassociation at the wall is significantly 
less than unity. 

4. DISCUSSION 
The results of this study suggest that the TALIF technique is suitable for measuring the range of H atom densities in a Cu 
HyBrlD laser discharge. Since other Cu lasers which use hydrogen as performance enhancing additive contain similar partial 
pressures of H species, it is expected that the technique is also applicable to these devices. The position of the measurement 
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is determined by the location of the probe focus and therefore the technique can also be extended to resolve radial and 
longitudinal H density information. Note that the density of halogen atoms may also be measured using a similar TALIF 
scheme[9]. 

We plan to perform a more detailed study of the spatio-temporal behaviour, however, it is important to first improve the 
measurement uncertainty present in the current experiment. Though the fluctuations in the integrated energy of the probe 

pulses were compensated for, the instantaneous intensity intensity at the 
focal point is expected to be sensitive to the details of spatio-temporal 
modulations in the probe pulse. The signal scatter is thus likely to be 
significantly improved with increased control of the spatial and temporal 
jitter in the probe beam amplitiude. 
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Figure 6 TALIF signal as a function of probe laser 
detuning with Gaussian fit at the time just prior to 

the excitation pulse. 

Finally, it is interesting to note that the technique may also provide a 
useful method for obtaining gas temperature measurements[10]. 
Assuming that the Lyman ß transition is predominantly Doppler 
broadened, then the TALIF signal dependence on probe wavelength 
reflects the velocity distribution of the H atoms in the focal region of the 
probe. This technique for determining the gas temperature avoids 
perturbations arising from the component of signal originating from the 
end-zones which may affect the previous linear methods of measurement 
(eg. by monitoring Balmer emission broadening). For the present system, 
the TALIF signal dependence on the probe wavelength (as shown in 
Figure 6) is consistent with the convolution of the measured probe 
bandwidth and the expected Doppler profile. The bandwidth of the dye 
laser, which was measured using a monitoring etalon, was 0.5cm"1 

corresponding to an effective bandwidth of the probe of 3cm"1 (6 photons 
at 615nm are necessary to excite the two-photon transitions), and the 

Doppler width is also ~3cm"' for the estimated gas temperature of 2000K. By narrowing the probe bandwidth to a smaller 
fraction of the Doppler width (using an intracavity etalon for example), an accurate measurement technique for spatio- 
temporal resolved gas temperatures may be realised. 
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ABSTRACT 

For 8 years, Copper Vapour Lasers (CVLs) driven by solid state power supplies have been 
experimented and used in French SILVA program development in co-operation with industrial 
partners. We present high performances and reliability obtained and applications to other laser 
systems. 

Keywords: Copper Vapour Laser, all Solid State power supply, performance, reliability. 

1. INTRODUCTION 

The shape of repetitively pulsed electrical signals that excite CVLs is of first importance. It gives the 
suitable electron temperature and density that mainly control the dynamics of the copper excited state 
population and hence the optical gain. Depending of the Copper Laser size and nature, here are the 
main electrical parameters to be delivered by the power supplies: A voltage level on the laser head 
from 25 to 100 Kilovolts, a repetition rate from 5 to 25 kHz and a average commuted power between 
10 and 50 kW. 
These parameters are now obtainable by power supplies using all solid state components such as 
IGBTs or MOSFETs in exchange of gas tubes like thyratrons. 

2. SOLID STATE POWER SUPPLIES 

Our experience in thyratron use for CVL's give us an operational life of the order of 1000 H or 
l1/2month of continuous work. Their exchange induces a loss of time and money . The designed goal 
was to develop high power switches made from standard silicon components with the same or better 
technical characteristics but a far better reliability in the range of 20000 hours and a cost equivalent to 
the thyratron based device. An analysis of the technical and economical parameters has led us to study 
two solutions depending on a choice criterion relative to the switched energy per pulse. 

2.1. High energies. 
For switched energies of the order of 10 J, we have developed switching units based on a line of 
Isolated Gate Bipolar transistors (IGBTs). For example we use in parallel 32 IGBTs rated at 800 V to 
commute 10 J in few microseconds. They are followed by voltage transformers and magnetic switches 
in order to produce 100 kV - 5000 A pulses of 50 ns width at 5 kHz. These supplies are one of the 
basis of the ICL 400-500, a 500 W optical rated CVL amplifier, manufactured by CILAS. 

2.2. Low energies. 
For power supplies with a switched energy up to 2 J, the preferred technology is an arrangement in 
arrays of power MOSFET transistors to sustain the voltage and pass the current with low losses. The 
basic structure is an array of 350 very standard MOSFETs ( see figure 1) which is able to switch 5 kV 
in 20 ns with a 800 A current pulse. 
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Figure 1 Figure 2 

A3 

The basic MOSFET array 5kV - 800A The MOSFET based power supply, 
25 kV-1600 

These planar cards are easily connected with a low inductance and the standard switching unit 
comprises 10 cards. It is able to switch in 20 ns 25 kV with 1600 A pulses at repetition rates between 5 
and more than 25 kHz (see figure 2) and a pulse to pulse jitter lower than 1 ns. These integrated power 
supplies are manufactured now by ENERTRONIC i.e. for the exchange of gas tubes in our CVLs. 

2.3. Reliability of MOSFETs Switches. 
The array adopted architecture which is tolerant to the failure of up to 8 MOS in different lines and the 
inherent reliability qualities due to the margins taken on the voltage and current specifications of 
MOSFETs (10 to 20 % beyond the nominal) render the switching unit particularly reliable. 
Its failure rate X which is the inverse of the MTBF can be described by the following formula: 

X-1(H, = i^ 
exp 

with: 
Z i=n-x ' 

z = the number of components in parallel = 54 
n = the number of components in series = 65 
x = the number of admitted defects = 8 
V = the total applied voltage = 25000 V 
Vmax = the max voltage on one MOSFET = 500 V 

1-5 A numerical application for this formula gives a X < 10 (or a MTBF > 100,000 H). Effectively, we 
have accumulated more than 150,000 H without failure on these switches with 25,000 H (3 years) 
from one. Tests on MOSFETs cards could be included. They would permit to settle a preventive repair 
strategy that would further lower the failure rate. 

3. RESULTS OBTAINED ON CVL's. 

-With the IGBTs switched power supplies, more than 500 W ' (on CVL lines at 510 and 578 nm) have 
been demonstrated by CILAS in an amplifier configuration and > 400 W in oscillator during long term 
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trials. The laser heads TCL 400-500' are 3 m long with a internal diameter of 80 mm , heated at ~ 
1500°C by the 5 kHz discharge and the amplifying medium is a mixture of neon + 1% H2 and 
vaporised copper ( figure 3 ). 

Figure 3 : The ICL 400-500 laser. 

-With a standard 10 kW class MOSFET switched power supply, we obtain up to 110 W of optical 
power at a repetition rate of 5 kHz on CILAS 'MNT 100' laser heads2 (Length = 3 m, dia. 50 mm). 
The gas mixture is vaporised copper (1500°C) and neon + 1% H2. 
We have paid a great attention on the power decrease due to the migration of copper in the tube. It has 
been extensively studied on this laser and lowered to the level of 0.02 W/H (Fig. 4), allowing a 
continuous use up to 1000 hours. 
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Fig. 4 : Evolution of laser power with time with an MNT 100 oscillator. 

-With a special 50 kW class MOSFET driven power supply3 we have obtained 280 W of optical power 
from a cold (650°C) laser head at 17 kHz from a Ne + 4.7% HBr gas mixture injected in the laser tube 
(dimensions: L = 3 m, dia. 80-108 mm, 19.5 litters of active volume). The deposited power in the head 
was 7.3 kW, leading to a head efficiency of 3.8% which is twice the best value we obtain on high 
temperature elemental CVL's. This progress is due to the very good shape of the excitation electrical 
pulses (Fig. 5) and to the 'HBr effect' which allow a high copper density on the axis but a low 
prepulse electron density. This last parameter is induced by the fast electrical charge recombination 
following the copper ionization by the discharge and is the result of the HBr dissociative attachment 
process and the associated reactions4. 
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Fig. 5 : Electrical signals on the laser head. 

Cu + e-(fast) ■» Cu+ 
HBr + e- (slow) -> H + Br- 
Br- + Cu+ -» Cu + Br 
Br+H -» HBr 

(1: Copper ionization) 
(2: Dissociative Attachment) 
(3: Charge neutralization) 
(4: HBr reformation) 

From the same power supply we have also obtained 125 W from a hot (1500 °C) laser tube (L = 3 m, 
dia. = 50 mm) with a mixture of 0.5% H2 + 1.5% HC1, neon and vaporised copper at 17 kHz with only 
6.6 kW deposited in the laser head (1.9 % head efficiency). 
At the same repetition rate and other operating conditions but without HC1, the optical power was 
negligible. For the same deposited power at 5 kHz, this head gives near 100 W of optical power, so we 
have obtained a 25% gain in power and efficiency with HC1. 

4. CONCLUSION AND PERSPECTIVES 

After the demonstration of the very good reliability of the developed CVL lasers, our goal is the 
reduction of their cost of ownership by pushing their   MTBF until 10000 H and increasing the 
component integration. 
The array architecture presented here for IGBTs and power MOSFETs can be extended to other 
components such as thyristors, fast MOSFETs and diodes. We are now testing systems for   the 
switching of high energies (200 J ) at low repetition rate or the very fast (1 ns) power MOSFET 
commutation for applications in electro-optics. 
Other applications where pulsed power is needed by optical systems, are in the scope of this 
technology: 

-Supplies for high repetition rate excimer lasers (500 -1000 Hz) with the possibility of a better 
pulse stabilisation and the disappearance of the warm-up dead time. 

-Supplies for soft X and Extreme UV lamps and lasers. Pulses ranging from 5000 to 30000 A 
with a voltage from few to tens of kV are needed for these devices. 
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ABSTRACT 

In the paper, we present new results of CuBr-laser study in a regular pulse mode with a high PRF and in a mode of 
modified double pumping pulses with PRF = 30 kHz. It has been shown a stable PRF over 500 kHz can be obtained. 

Keywords: Metal vapor laser (MVL), pulse repetition frequency (PRF) 

INTRODUCTION 

There is a strong need for metal-vapor lasers (MVL) with a high pulse repetition frequency (PRF) for some practical 
applications, including atmospheric optics u. Typical values of PRF for MVL are from several kHz to several tens kHz, 
while the lasers with PRF more than 100 kHz were reported in only a few of papers (see [3-5]). Due to lower operating 
temperatures required to provide necessary density of metal atoms, there is less danger to overheat the active media of a 
metal-halide laser compared with a pure MVL at high PRF. Therefore, study of metal-halide pulse-periodic lasers is of a 
special interest. Moreover, the relaxation times of population density of metastable atoms and pre-pulse electron density 
for CuBr-laser's discharge are lower than for Cu-laser and range from 10"5 - 10"6 s4. By the above reasons, PRF 100-1000 
kHz can be expected. In our previous paper6, we mentioned CuBr-laser with PRF 300 kHz and noticed that the laser has 
better frequency features compared with a Cu-laser. 

EXPERIMENTAL RESULTS 

In this paper, we study high frequency possibilities of CuBr-laser using a model pumping mode. The active media of 
CuBr-laser is pumped by double pulses with variable time delay between them. Pairs of pulses are generated with the 
regular PRF of 10-30 kHz. Such pumping mode more closely simulates a mode of regular pulses than a simple method of 
double pulses. Experimentally we use a quartz gas-discharge tube (GDT) for a CuBr-laser with bore diameter (d) from 0.6 
to 3.0 cm and length (/) - 20-80 cm (Fig. 1). As a buffer gas, we use pure neon at the pressure of 30-100 torr and record 
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Fig. 1. Gas discharge tube. 1 - container with copper bromide; 2 - heater, 3 - electrode. 
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current, voltage, and laser pulses as usual. The experimental setup is shown in Fig. 2. An active media is excited by double 
pulses with complete discharge of the storage capacitors Ci and C2 through the GDT and switches T) and T2, respectively. 
A master oscillator allows to change time delay between pulses in the pair from 0.1 to 10 us. At the first step, the laser is 
brought up to a stable lasing mode maintained by the first pulse. Then the second pulse is shifted with respect to the first 
one until second lasing pulse appears. Under these conditions, maximal PRF has been obtained for GDT with various 
diameters. The above circuit is also used for experiments in another pumping mode with regular pump pulses up to 50 
kHz. Higher regular PRFs up to 300 kHz have been obtained using tasitron TGU 1-5/12 as a switch. 

L, 

Fig. 2. Experimental setup: gas-discharge tube (/); mirrors of plane-parallel cavity (2 and J); plane-parallel plates {4 and 6); IMO-2M 
calorimeter (5); FEK-19 coaxial photodiode (7); S1-122A oscilloscope (S); TGI 1-1000/25 thyratrons (T\ and Ti); charging inductances 
and diodes L\ = Li.. D\ = D7. by-pass inductance Ly, working capacitors G and Cj; voltage divider Rt and Ri, Rogowskii loop (RB). 

Maximal values of model PRF and of PRF obtained in a regular pulsed mode6 for several GDTs are shown in Fig. 3 and 
Table 1. 

J,  rel.units /, rel. units 

U. rel. units U, rel. units 
a b 

Fig. 3. Oscillograms of current (1), voltage (2), and lasing (3) pulses of a CuBr laser pumped by paired pulses. Gas-discharge tube was 
1.6 cm in diameter and 40 cm in length, ^NC=30 torr, repetition frequency of regular pulses was 10 kHz; time delay between the pulses in a 
pair T = 0 (a) and 3 us (b). 
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Table 1 

GDT Model PFR, 

d, cm and /, cm kHz 

0.4 30 160 

0.6 20 160 

0.8 40 

1.0 35 200 

1.4 25 

1.6 40 333 

Regular PRF, 

kHz 

270 

300 

By direct inspection, one can assure maximal values of model PRF correlate well with those obtained in a regular pulsed 
mode. 

Here we notice that a pumping source based on a thyratron does not allow to completely optimize parameters of excitation, 
dissociation, thermal conditions, etc. In particular, obtaining high PRFs requires to further shorten a pump pulse to the 
value close to lifetime of the population inversion. Using the vacuum lamp GMI-34 as a switch in a pumping circuit we 
succeed to shorten a pump pulse (at half of maximum) up to 40 ns. In this case, an operating capacitor partially discharges 
into the GDT. When lasing occurs in both pulses minimal time delay between two pulses is 1.5 us in GDT with diameter 
2.5 cm and length 80 cm at the 30 kHz PRF of pulse pairs (Fig. 4). The time delay corresponds to maximal PRF higher 
than 660 kHz. 

rel.units 
/, rel.units 

U, rel.units U, rel.units 

Fig. 4. Current (/), voltage (2), and lasing (J) pulses of a CuBr laser pumped via a modulator tube switch Gas-discharge tube was 
2.5 cm in diameter and 80 cm in length; pnc = 30 torr, repetition frequency of regular pulses 30 kHz; time delay between the pulses in 
pair T = 10 (a) and 1.5 us (b). 
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In our opinion, higher maximal PRF can be expected for GDT with small diameter. Unfortunately, some technical 
problems associated with low input power didn't allow us to pump GDT with diameter smaller than 2.0 cm using GMI-34 
vacuum lamp. 

CONCLUSION 

In this paper, we discuss the experiments performed with CuBr-laser in a mode of modified double pumping pulses. The 
obtained results clearly show that regular PRF more than 500 kHz can be obtained for the laser. 
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ABSTRACT 

A 50 W CuBr laser is reported. Characteristics of the major laser parameters are presented: output power, laser 
pulse repetition frequency, and laser beam quality. The laser has been designed for precision material 
processing in industry. 
Keywords: MVL, CVL, CuBr Vapor Laser, Laser parameters 

^INTRODUCTION 

In connection with the industrial precision materials processing there is a continuously growing interest in the high power 
lasers oscillating in the visible spectral region. At present, two types of lasers are competitive for applying in this area. In 
the last several years significant development has been achieved in the NdYAG lasers with diode pumping and second 
harmonic non-linear conversion. They oscillate in the green range at 532 nm wavelength. An output power of more than 
100 W was obtained but the reliable commercial lasers operate at several 10s of Watts. The main problems with these 
lasers are related to the strength of the non-linear crystals, thermoeffects in the active region and achievement of high 
beam quality (BQ). Solid state laser systems of this type having high beam quality are very expensive which is an obstacle 
to their massive entering into industry. 

Another powerful laser oscillating in the visible spectral region is the copper vapor laser (CVL). This laser with the use of 
unstable resonator provides high BQ reaching the diffraction limit and high average output powers of several 100s Watts. 
The main problem with this type of lasers is the high temperature of the active medium which leads to numerous problems 
in its industrial exploitation. This big problem of the CVL has been solved by its low temperature variant: the copper 
bromide laser CuBrVL'. 

CuBrVL has a temperature of the active medium by about 1000°C lower than the CVL2. The presence of bromide Br and 
hydrogen additives3 enhances the laser performance. With the CuBrVL an output powers of > 100 W at the record high 
efficiency of 3.8% has been obtained 4. The laser pulse duration under optimum conditions of oscillation is 2-3 times 
larger than in the CVL and the pulse repetition frequency PRF is 15-25 kHz. The laser radial distribution is close to the 
Gaussian and with the use of unstable resonator a BQ is achieved near the diffraction limit5. At present, the CuBrVL is a 
well developed laser that has begun to find successful employment in industry .6'7 

In this paper a CuBrVL of an average output power of 50 W is described. 

2.GENERAL DESCRIPTION OF CuBrVL 

The 50 W CuBrVL is built in a common box including the laser tube, power supply unit and the necessary optics. The 
laser dimensions are 2500X400X320 mm3, the total weight is 90 kg. The electrical power supply is from the electrical 
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network, three phase, as the total consumed power is 4 kW. Water cooling is used for the power supply and the metal box 
in proximity to the laser tube. 

2.1. The laser tube 

The laser tube is given in Fig. 1. It is made from quartz glass and has a diameter of 55 mm and a total length of 2 m. The 
active zone is between the two electrodes and has a length of 1.5 m and a diameter of 30 mm set by quartz diaphragms. 
The electrodes are made from porous copper with special reservoirs around them to capture Br and CuBr penetrating in 
them 2. Along the tube length in the active zone there are reservoirs for CuBr. The cold zones of the tube between the 
electrodes and the quartz windows capture the worked off CuBr and the unnecessary free bromide. 

The active zone with reservoirs is located in a metal envelope where the heaters are mounted (Fig. 2). With their help on 
the basis of precise thermoregulation a stable steady temperature is maintained within ±1°C in the active zone. The 
optimum operating temperature is about 490°C. The laser tube is filled with neon having a partial pressure of about 20 
Torr and hydrogen of 0.5 Torr. The described laser tube depending on the delivered input power may produce an output 
power of up to 72 W. This power can be maintained at a thyratron anode voltage of 16 kV, a pulsed current of 320 A, a 
capacity of 2 nF and a PRF of 17 kHz. 

In Fig.3 is shown the laser output power as a function of the thyratron anode voltage. 

The laser tubes operates in the sealed-off regime. The hydrogen pressure is maintained steady by means of a specially 
developed source of hydrogen. The construction developed for the laser tube permits to maintain a laser output of 50 W for 
1000 h. In Fig.4 is shown the average laser output power as a function of the hydrogen pressure in the laser tube. 

Fig. 5 shows waveforms of the pulses of laser output, current and voltage at a laser output power of about 30 W during a 
500 hour testing. These results show how stable the laser parameters are in time. 

The optimum parameters for laser action at an output power of 50 W have been found to be as follows: neon pressure: 20 
Torr, hydrogen pressure: 0.5 Torr, temperature of the reservoirs for CuBr: 490°C, voltage of the operating capacitor: 14 
kV; capacity of the capacitor bank: 1.8 nF, pulse repetition frequency of the power supply: 18 kHz. 

Fig. 1. Schematic diagram of the laser tube construction. 

1 - stainless steel enclosure 
2- heaters 
3- temperature controller 
4- thermocouple 
5- temperature controller 
6- thermocouple 
7- hydrogen generator 

Fig. 2. Schematic diagram of the laser tube with its metal jacket. 
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Fig. 5. Waveforms of the laser pulse, current and voltage at a laser output power of about 30 W during 500 hour testing. 

2.2.      Laser power supply 

The power supply for the laser is a transistor pulse generator which does pulse charging of the capacitor bank of 1.8 nF to 
a voltage of 14 kV with a frequency of 17 kHz. High voltage pulses are formed on the tube of a thyratron EEV CX1835. 
The thyratron together with the pulse transformer of the inverter are cooled in a common oil tank. In the thyratron anode 
circuit there is a saturating inductor: magnetic assist The simultaneous influence of the 4 factors described below makes 
exceptionally effective the power supply of the 50-W CuBr laser: 1) Comparatively low pulsed current of the discharge 
tube (no more than 200 A); 2) Delivery of high voltage pulses to the anode with a guaranteed pause of 30 microseconds 
for recovering the thyratron isolation after each pulse; 3) Use of a relevant magnetic assist with ~ 60 nanoseconds of hold- 
off time; 4) The use of a water-cooled oil-tank ensures an extremely long life time of the thyratron: ~ 3000 hours and 
more. 
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Fig. 6. Circuit diagram of the laser excitation set up. 

1 - Pulse generator 
2 - Pulse transformer 
3 - Fixing diode 
4 - Snubber diode and resistor 
5 - Magnetic assist 
6 - Charging inductor 

3.CONCLUSIONS 

The 50-W CuBr laser is a powerful source of visible laser light as produces the lines 510.6 and 578.2 nm with the intensity 
ratio 3:2. This laser has numerous advantages to the copper vapor laser (CVL) as a result of the low working temperatures. 
First of all, the CuBrVL has a fast start up time of 15-20 min., as well as high efficiencies 2-3 times exceeding those of the 
CVL. With reference to construction, the CuBrVL is considerably cheaper. The CuBrVL works in the sealed-off regime, 
the laser tubes are easily replaceable when needed. The CuBrVL can work in moving robotics systems at angles of up to 
45° designed for industrial precision materials processing and high speed photography. 
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ABSTRACT 

In ns-pulsed longitudinal discharge-excited He-Cu and He-CuBr vapor ion lasers oscillation in the IR spectral range has 
been obtained. UV laser operation has been obtained only in Ne-CuBr vapor ion laser. An average output power of 210 
mW has been measured on the laser line 248.6 nm and a 270 mW on multiline - 248.6, 252.9, 260.0 and 270.3 nm. 

Keyword: metal vapor laser, copper bromine laser, UV copper ion laser. 

1. INTRODUCTION 

One of the main purposes in the metal vapor lasers development is the obtaining of a high-power and stable laser operation 
in the UV spectral range. Up till now UV laser oscillation has been successfully obtained in Ne-Cu (249 nm-270 nm) and 
He-Ag (224 nm-227 nm) [1-3] hollow cathode discharges, but it is a matter of serious difficulty to achieve continued and 
stable laser action in the hollow cathode laser system. 

An opportunity for a metal vapor laser development is the investigation, started in [4] on the Cu+ and Ag+ laser 
oscillation in nanosecond pulse longitudinal Ne-CuBr, He-CuBr and He-AgI discharges. 

In this paper a UV laser oscillation on four Cu+ and four IR lines in Ne-CuBr and He-CuBr nanosecond pulsed 
longitudinal discharges, respectively is described. Laser action has been also obtained on seven Cu+ transitions in the near 
IR spectral range, using a pulsed longitudinal He-Cu discharge as an active medium. 

2.   EXPERIMENTAL APPARATUS 

The investigation has been carried out in three different laser tube constructions. In the first discharge tube Tl six quartz 
diaphragms were mounted along the tube with inside diameter of 26 mm, made of fused silica (similar discharge tube was 
used in [4]). The thin (1.5 mm) quartz diaphragms were with an aperture of 12 mm, which defined the active zone 
diameter. The distance between the electrodes was 80 cm. CuBr powder was placed in five quartz side-arm reservoirs, 
mounted symmetrically between the diaphragms and externally heated. 

The active length of the second tube T2 was also 80 cm. In comparison with the first tube discharge confining 
quartz diaphragms were not used, and the inside diameter (12 mm) of the active zone was determined by the quartz tube 
itself. CuBr powder was placed in five quartz side-arm reservoirs, which were externally heated. 

For the Cu vapor ion laser the active medium has been confined in a ceramic tube of sapphire with active length 
of 50 cm and i.d. of 12 mm. The ceramic tube was sleeved in a quartz tube with i.d. of 60 mm (T3). The space between 
ceramic and quartz tubes was filled by a fibrous insulation. Pieces of pure copper were spread along the floor of the 
ceramic tube. At each end of the ceramic tube porous copper electrodes were placed. 

The investigated ion CuBr and Cu vapor lasers have been excited excitation scheme with interacting circuits (IC). 
The IC excitation of the CuBr lasers, operating on the self-terminating atom transitions, is described in details in [5]. 

Spectral investigation on the laser radiation and spontaneous emission has been made by Bentham M300 
spectrometer, equipped with two 1800 groove/mm holographic gratings and DH-2 photo-multiplier. With studied lasers an 
additional spectral selection is necessary to prevent radiation (with average output power from 1 to 6 W depending on the 
discharge conditions) of the 510.6 nm and 578.2 nm self-terminating atom transitions from entering the spectrometer or 
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the optical detector. For this purpose a quartz prism was used. The average output power was measured by a Scientcch 362 
and Scientech Vector power meters. The waveforms of the discharge current and the tube voltage were detected by a 
Rogowski-coil probe and a Tektronix P6015 HV probe. The laser pulses were observed by a Liconix Model 40D pulse 
detector. All pulses were displayed on a Tektronix 2455 A oscilloscope with a 20 MHz cutoff filter. 

3.   EXPERIMENTAL RESULTS 

Laser oscillation on four UV Cu+ lines - 248.6, 252.9, 260.0 and 270.3 nm, has been obtained by laser tube Tl. For Ne 
buffer-gas pressures 5.5 and 7 Torr, and pulse repetition frequencies 21 and 22 kHz the dependence of the 248.6 nm laser 
line intensity on the discharge current amplitude and average input power has been determined. An optimal value of the 
discharge current (input power respectively) was observed in the range 120-130 A. depending on the Ne pressure and 
pulse recurrence frequency. 

The dependence of the 248.6 nm laser line intensity on the pulse repetition frequency has been investigated for 
the Ne buffer-gas pressures of 5.5 and 7 Torr. Laser oscillation was observed in a very narrow frequency band - from 20.5 
to 22.5 kHz. Maximal radiation intensity was achieved about 21 kHz. Similar narrowing of the range, in which UV lasing 
occurred, was observed with respect to the reservoir temperature. 

Maximal average output power, achieved on the 248.6 nm laser line by Tl, was 5 mW. 
A stable laser operation on the lines 248.6. 252.9, 260.0 and 270.3 nm was obtained by laser tube T2 in a wide 

range of the discharge parameters change - pulse repetition frequency from 9.5 to 28 kHz, Ne buffer-gas pressure from 6.5 
to 14.5 Torr. An optimization of the four capacitors, forming capacitor bank of the excitation circuit, has been undertaken. 
The highest output characteristics were achieved by nominal values of the capacitors Ci = 500 pF, C2 = C3 = 235 pF, CA = 
2200 pF. Further investigation on the laser optimization was carried out by this tube, because of considerable higher output 

parameters. 
The dependence of the average output power, measured on the 

laser line 248.6 nm. on the Ne buffer-gas pressure is given in Fig. 1. 
The optimal temperature of the reservoirs with CuBr is 560 °C [4]. It 
can be seen, that the optimal Ne pressure (with regard to maximal 
output power achievement) is 13.5 Torr. 

The average output power as a function of the pulse 
recurrence frequency (f) is shown in Fig. 2. A monotonous growth of 
the output power with the frequency increase up to 25 kHz has been 
observed. It is possible, that the decrease of the output power at 
frequencies above 25 kHz is due to some problems with the excitation 
generator operation at this frequencies. 

Under optimal discharge conditions the average output power 
on the four UV Cu+ laser lines is given in Table I. At a Ne buffer-gas 

pressure of 13.5 Torr, pulse repetition frequency of 25 kHz, average 
input power of 1440 W, an average output power of 210 mW has been 

measured on the laser line 248.6 nm. Under the same conditions a multiline average output power of 270 mW has been 
achieved by a 99.9 %-reflectivity mirror and an output coupler with the following transmission: 4 % (248.6 nm), 4.5 % 
(252.9 nm), 5.5% (260.0 nm) and 12.5 % (270.3 nm). 
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Fig.l. Average output power as a function of pulse 
recurrence frequency 

Table I: X - wavelength of the corresponding laser line; p - optimal Ne 
buffer-gas pressure; IR - amplitude of the discharge current; prf - 
optimal pulse recurrence frequency, Tr - operating temperature; Pout - 
single-line average output power. 

X, nm 248.6 252.9, 260.0 and 270.3 
p, Torr 13.5 13.5 
IR,A 90 90 

prf, kHz 25 25 
Tr,C° 560 560 

Pom, mW 210 40 

220 

200 

"° ? 
160   • 

140 <g 
O 

120   S 
•D 

100   S 

SO    J 

Pulse repetition frequency (kHz) 

Fig. 2. Dependence of the average output power, on the 
pulse repetition frequency. 
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In Fig. 3 the waveform of the discharge current pulse and 
output power pulse on the Uaser line 248.6 nm are shown. It 
can be seen peak pule power is about 1.7 W at a laser pulse 
duration (FWHM) of 5 \xs. 

Laser oscillation on four IE. Cu+ laser lines has 
been obtained in a He-CuBr discharge in laser tube Tl. 
Pulse longitudinal discharge-excited He-Cu laser, operating 
on seven IR Cu+ laser transition, has been also investigated 
in T3. The results, obtained via a 99.9 %-reflectivity mirror 
and an output coupler with a transmission of 2 %, are 
shown in Table II. A maximal multiline average output 
power of 430 mW and 765 mW has been achieved in He- 
CuBr and He-Cu discharge, respectively. 

Table II: X - wavelength of the corresponding laser line; p - 
optimal helium buffer-gas pressure; prf - optimal pulse repetition 
frequency; Tr - operating temperature; Pout - average output power. 

Time ((is) 

Fig. 3. Waveform of the discharge current pulse and output 
power pulse on the Uaser line 248.6 nm. 

Cu atoms 
source nm parameters 

740.4 766.5 773.9 780.8 798.8, 819.8 827.7 

CuBr p, Torr 10 10 10 10 - - - 

CuBr prf, kHz 14,22 14,22 14,22 14,22 - - - 
CuBr Tr,C° 530 530 530 530 - - - 

CuBr Pout, mW 35 37 15 345 - - - 

Cu p,Torr 18 18 18 18 18 18 18 

Cu prf, kHz 22 22 22 22 22 22 22 

Cu Tr,C° 1500 1500 1500 1500 1500 1500 1500 

Cu Pom, mW 10 10 5 725 5 5 5 
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In Ne-Cu pulsed longitudinal discharge laser oscillation in 
the UV spectral range has not be obtained. The spontaneous 
emission of the 248.6 nm line has been investigated in both 
lasers. The results are presented in Fig. 4. Curves 1 and 2 are 
waveforms of the spontaneous emission in Ne-Cu discharge 
with and without a high-reflective UV mirror, respectively. 
Curves 3 and 4 are waveforms in Ne-CuBr discharge with 
and without a high-reflective UV mirror, respectively. The 
intensity of this line is higher in the case of the pure copper 
laser but the influence of the mirror on the intensity was 
much higher for the Ne-CuBr. 

4. DISCUSSION 
Time (jis) 

Fig. 4. Spontaneous emission of the 248.6 nm line in Ne-CuBr 
and Ne-Cu discharge. 

The discharge conditions for obtaining of laser oscillation on 
the UV and IR Cu+ lines in nanosecond pulse longitudinal 
discharge have been compared at the utilization of CuBr and 
Cu as a source of the Cu atoms. 

The utilization of a laser tube without discharge confining diaphragms allows to: 1) extend considerably variation range of 
the discharge parameters - buffer-gas pressure, metal vapor pressure, excitation pulse repetition frequency, average input 
power (discharge current amplitude), and hence to carry out an optimization of the average output power at the indicated 
parameters variation; 2) obtaining of two order of magnitude increase of the average laser power. 
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An average output power of 270 mW has been achieved at multiline output on the four UV Cu' laser lines, which is 
considerably higher result in comparison with the 200 mW record multiline average output power for UV Cu' hollow 
cathode systems, measured in [2]. On the 248.6 nm laser line an average output power of 210 mW has been measured in 
our experiment (for example in [2] the average laser power has been 28 mW on that laser line). At a laser pulse duration 
(FWHM) 5 (j.s and excitation pulse recurrence frequency 25 kHz. the peak pulse power on the 248.6 nm laser line is 1.7 W, 
exceeding two times the results, achieved via UV Cu+ hollow cathode lasers (0.9 W [2]). 

Till now it has been assumed, that the metal halide are not appropriate for active particle source in the ion metal 
lasers, because the halide atoms reduce the electron temperature and hence the output parameters decrease in comparison 
with the ion laser with pure metal vapor [6]. In [2] it has been supposed: 1) the Nc mctastablcs affects considerably the 
lower UV laser line levels; 2) the Ne metastables can be quenched by argon admixture. With UV Cu' CuBr vapor laser 
copper atoms are produced by an electron impact dissociation of the CuBr molecule during the discharge period. As in fact 
the identical Cu and Br concentrations are produced after the dissociation. At a distance 3.5 -f- 4.5 eV below Nc metastablc 
level three 4p Br+ levels are located closely to the 4s Cu+ metastable levels. We assume that a Ne metastable decay has been 
caused by Penning collisions with ground state Br atoms. The estimated cross section and rate constant for this reaction 
are considerably higher than those for Penning impacts between the Ne metastables and ground state Cu atoms. The record 
output powers, achieved in the present work support the assumption for a positive effect of the Br presence in the discharge 
on the formation of the inversion population. 
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UV He-Au ion laser excited by longitudinal ns discharge 
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ABSTRACT 

We report laser characteristics of a gold ion laser radiating on the lines 282.3nm, 284.7nm, 289.3nm and 291.8nm. A 
longitudinal nanosecond discharge has been used for excitation. Quasi-cw lasing was obtained with ~33%/m small-signal 
gain and 110 mW average output power for the strongest line 282.3nm. This average output power corresponds to the 
record peak power of 1.7W. The investigated laser offers promising prospect for various scientific and technological 
applications. 

Keyword: metal vapor laser, gold vapor laser, UV gold ion laser. 

1. INTRODUCTION 

The metal vapor ion lasers which generate on the ion transitions of copper, gold or silver in the spectral waveband 224 - 
293 nm, are very attractive for applications in biology, photo technology, medicine, cw-quasi UV pumping of the dye 
lasers etc. 
The gold metal vapor ion laser (GMVTL), is capable to emit seven ultraviolet (UV) lines 226.4 nm, 253.4 nm, 261.7 nm, 
282.3 nm, 284.7 nm, 289.3 nm and 291.7 nm. Lasing on these transitions has been demonstrated in a hollow cathode 
discharge. An average output power of 19.2 mW in cw mode was reported for the lines 282.3 nm and 284.7 nm, and the 
pick output power of 600 mW in the case of simultaneous lasing of the lines 282.3 nm, 284.7 nm, 289.3 run and 291.7 
nm.1'x 3 The strongest line in the mentioned papers had been 282.3 nm. 
In the beginning of the nineties were reported significant increases in the average output power and small-signal gain of 
the GMVTL excited in the hollow cathode discharge. Rözsa, Adamowicz et al. have obtained 50% m"1 small-signal gain 
and an average output power of 100m W.4,5'6 

Recently it was shown that the efficiency of Duffendack reaction is quite good in a longitudinal nanosecond discharge 
(LND).7 The efficiently working He-CuBr ion laser and Ne-CuBr ion laser were built. Record small-signal gain was 
measured for two copper ion UV lines - 19% for 248.6nm and 16% for 270.3nm. 
Results described above have initiated the reported investigations. The investigations presented in this paper is aimed to 

determine conditions for UV lasing 
on gold ion lines in a He-Au pulsed 
longitudinal nanosecond discharge 
in a tube having the same 
parameters as the tube for 
commercial GVL. 

2. EXPERIMENTAL SETUP 

The Fig. 1 illustrates the entire 
experimental setup. 
The working temperature of the 
laser is higher than 1800°C. It is a 
reason that the laser tube is made 
from thermal resistive materials. 
The outside tube is a quartz tube 
having a diameter of 80mm (Fig. 2) 

S3 ;:; 

-""""Oscilloscope^ 
 ^ Photo-multiplier 

power supply 

Power meter'"--,  

UV power supply 

Fig 1 The experimental setup 
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Fig. 2 Main view of the investigated laser tube 

and a 1000mm length. The discharge channel is limited by a sapphire tube. The sapphire tube has the dimensions, 
700mm length and 10 mm inner diameter. The laser active zone is about 600 mm long. Small Au-pieces are placed along 
the sapphire tube. Two quartz rings fix the discharge tube. The volume between the sapphire tube and the outside quartz 
tube is filled with A1203 powder. Thus it is possible to protect the quartz tube from the discharge thermal radiation of the 
discharge. The electrodes were made of porous copper with special design. 
The end parts of the laser tube are made from quartz too. They are cut at the Brewster angle for X = 282nm and the quartz 
windows are stuck to them. The parameters of these tubes depend on the necessity to protect the quartz windows from 
contamination. Their inner diameter is 22mm and the length is 250mm. 
The power supply high - voltage pulsed generator is based on a hydrogen thyratron - TGI 1000/25. The main parameters 
are: HV up to 12 kV and frequency from 4.5kHz to 12.5kHz. The Blumline scheme is used for excitation. Two low- 
inductance ceramic capacitors of the type KVI-3 are used. Typical capacity values for them are 1^2nF. The charge 
inductance L is about 0.8mH. These values are determined experimentally. 
External mirrors are used in the investigated laser. Mi is the back concave mirror with a reflectivity of 99.9% for the 
spectral range 265-300nm and radius of curvature 2m. When the gain measurements are carried out, the coupling mirror 
has the parameters of Mu while for an optimization of the average output power the mirrors are different. 
The small-signal gain measurements are carried out by inserting a calibrated loss element (high optical quality quartz 
plane-parallel plate) into the laser cavity - method of attenuator.8 

The spectral monitoring has been done by a homemade holographic relief grating or a conventional monochromator. The 
parameters of the homemade grating are 2414 grove/mm and absolute reflection efficiency 78%. The monochromator is 
equipped with a 1800 grove/mm holographic grating and it is used for monitoring the spontaneous emissions. 
The temporal behavior of the laser pulse has been studied by means of a UV sensible Photo-multiplier (18 A) and a digital 
200MHz oscilloscope Tektronix TDS 420 A with a 20-MHz cutoff filter. 
The waveforms of the discharge current and high voltage have been monitored by a Rogovski - coil and a Tektronix- 
P6015A HV probe. The pulses have been visualized by the mentioned oscilloscope. 
A Scientech 360-power meter has been used for measurement of the average laser output power. 

3. EXPERIMENTAL RESULTS AND COMMENTARY 
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Fig. 3 Typical current and voltage pulses 

The typical working conditions for the reported investigations are 
pulse repetition frequency (PRF) in the range of 6 kHz to 12 kHz and 
He pressure from 9 torr to 30 torr. The construction of the laser tube 
enables achieving a quite high temperature on the wall of the 
discharge channel and delivering gold atoms to the active zone. The 
working dencyry of gold atoms is in the range 1014 ■*■ 1015 cm"3. 9 

These parameters are very close to those of a gold atom vapor laser. 
The required concentration of fast electrons for ionization of the 
helium ground state ions is generated within the time of very short 
powerful pulse (-200 A and Ax » 200 ns (Fig. 3)). The number of the 
electrons during the pumping pulse is of about 1015cm"3. '• 9 The 
typical time delay of the current pulse to the voltage pulse is of about 
65ns. 
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Table 1 The main experimental results for the optimal conditions: 
He pressure of about 15 torr and PRF = 7.5 kHz. 
Idis - the amplitude of the current pulse; AT- laser pulse duration; 
Pout- average output power, Epuise- laser pulse energy, Ppuise- laser 
pulse £ower. 

X[nm] 282.3 284.7 289.3 291.7 

Idis [A] -180 160 160 -180 

gain [%/m] 33 -15 -13 -17 

AT[JIS] -8.5 -5.5 -5.5 -5.5 

PoutfmW] -110 1 -1 -20 

Epulse[uJ] -14.6 -2.6 

Ppulse[W] -1.7 ^^ -0.48 

For the mentioned conditions lasing on four UV gold ion 
transitions has been obtained: 282.3 run, 284.7 nm, 289.3 
nm and 291.8 nm. The energy defect ÄE of Duffendack 
reaction for the upper laser levels of the presented 
transitions is lower than 0.4 eV. This fact determines high 
efficiency of the excitation process. 

3.1. Gain measurement: 

The gain measurement were done by the method of 
attenuator. Two counter-rotating plate-parallel quartz 
plates are inserted into the cavity and turned slightly off 
the Brewster angle until the lasing is stopped (Fig.l). 
When oriented at the Brewster angle the plate does not 
introduce a significant loss into the resonator. The losses 
introduced by the tilting plates are calculated using the formulas, which are based on the Fresnel formula. The interference 
among the reflected beams is neglected. The plate normally used is thick enough (2mm) to render sufficient spatial 
separation between the beams for any appreciable interference to occur. The fluorescence of the Brewster windows, of the 
attenuator and coupling mirror provoked by the laser beam increases resonator losses. They are plainly visible. These 
losses become stronger for the high intensity of the optical field 
inside the laser cavity. In our measurement the losses due to 
fluorescence of the Brewster windows and the attenuator are not 
determined. 
The gain measurements have been done for a different helium 
pressure. The optimal He pressure for lasing and for the highest 
gain is of about 15 torr. The pulse repetition frequency was 7.5 
kHz. In Table 1 are shown the main experimental results. A gain 
of 33%/m for the strongest line 282.3nm in a quasi-cw mode of 
lasing is obtained. The results from the gain measurement give 
us an idea for the parameters of the reflection coefficient of the 
coupling mirror. 
The laser pulses are shown in the Fig. 4. This oscillogram 
enables to evaluate the power distribution for the different lines. 
These pulses have been observed when the reflection coefficient 
of the M2 was 99.5%. Normally the strongest line starts 1^-2 us 
early than the others. This fact does not depend significantly on 
the discharge parameters. 
The most interesting line, because of its good lasing parameters, 
is 282.3 nm. On the Fig. 5 is shown the temporal behavior of the 
laser pulse, spontaneous emission and discharge current pulse at 
282.3 nm. Lasing occurs 1.5us after the end of the current pulse. 
This fact shows that excitation processes by electron impact- 
direct or stepwise-cannot be directly responsible for excitation of 
the upper laser level. The large duration of the laser pulse and 
pulse of spontaneous emission, confirms that the main excitation 
process is Duffendack between the long life species He ions and 
gold atoms. The same behavior has and other three lines (Fig. 4). 
The second pick in the laser pulse of 282.3 nm implies eventual 
influence of the following three-recombination process. 

Fig. 4 Laser pulses of the three of the radiating lines. 
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Fig. 5 Pulses of the spontaneous emission and lasing of the 
strongest gold ion lines 282.3 nm 
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and the metastable helium level - 23Si is less than 0.0 leV. Unfortunately we could not present the experimental arguments 
about this speculation. 
An output power of 110 mW of the line 282.3 nm has been obtained. The optimal reflection coefficient for the coupling 
mirror M2 has not been determined. The coupling mirror was 85%, but it is not an optimal value. Higher output power can 
be expected for a better geometry of the laser cavity. The entire volume of the laser active medium is not used. 
The reported results show that the use of the pulsed longitudinal discharge at nanosecond duration and high repetition rate 
of the excitation pulse permits to obtain lasing with output characteristics comparable with those for the CW or pulsed HC 
laser. This fact shows that the HC laser can be replaced successfully with the described type of laser in cases where CW 
lasing is not necessary. A very important detail is that the laser tube and power supply are very similar (can say practically 
the same) to the conventional high-power gold vapor laser. It can be assumed that He-Au+ laser system operating in the 
UV spectral range with an average output power of about 200mW and a lifetime -1000 h could be produced. 

4. CONCLUSIONS: 

1. UV lasing on four gold ion lines in a He-Au pulsed longitudinal nanosecond discharge has been achieved. 

2. Quasi-cw lasing is obtained in a longitudinal nanosecond discharge with ~33%/m-gain for the strongest line 282.3nm. 

3. Lasing of 125mW on two lines 282.3nm and 291.8nm is monitored. 

4. The record peak PpU]Se of 1.7 W was measured for the strongest line 282.3 nm. 
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ABSTRACT 
The performance of a small-scale KE-CVL operating at a pulse repetition rate of 50kHz has been investigated by comparing 
modelling results and experimental data to understand the underlying plasma kinetics issues for pulse repetition rate scaling. 
Comparison between initial modelling predictions and experimental results relating to the laser output power and the 
population densities of the metastable lower laser levels (Cu* 4s2 2D3/2,5/2 ) suggests that there is an additional de-excitation 
mechanism for the metastables in the KE-CVL. The most likely de-excitation mechanism involves vibrationally-excited 
H2(v) molecules Cu*2D+H2(v) => CuH+H. A rate-coefficient of 2xl0",6m3s"' is obtained by comparing modelling results 
with experimental data relating to the laser output power and the time-evolution of the axial 2D3/2 metastable population 
density. 

Keywords: copper laser, kinetic enhancement, KE-CVL, plasma kinetics, HC1. 

1. INTRODUCTION 
Halogen based gas additives such as HC1+H2 have been used in elemental copper vapour lasers (CVLs) to modify the 
plasma kinetics and dramatically improve the laser performance in a technique known as kinetic enhancement. The 
technique utilises the large dissociative attachment cross-sections of these molecules to directly remove free electrons from 
the plasma over the afterglow period to radically improve the plasma relaxation rate leading to more favourable "pre-pulse" 
conditions. With kinetic enhancement, the output power from a conventional CVL (25mm bore x lm) is typically doubled, 
the high beam-quality extraction is increased by a factor of 3-4, and laser action is sustained at much higher pulse repetition 
frequencies (prf=20-40kHz). Recent studies2 using a kinetically enhanced copper vapour laser (KE-CVL) of similar size 
have demonstrated that high output power (exceeding the maximum attainable from the laser operating as a conventional 
CVL) can be sustained up to 70kHz, with laser action occurring up to 120kHz. The ultimate limits for high prf operation of 
KE-CVLs will be determined by the fundamental plasma kinetics issues which have yet to be fully understood. In particular, 
the observed performance of small- and medium-scale KE-CVLs operating at high prf (>20kHz) appears to greatly exceed 
expectations and predictions from preliminary numerical modelling. In this paper, kinetics issues are investigated by 
comparing experimental data and modelling results for a small-scale KE-CVL operating at 50kHz where the laser output 
power (~35W) is close to optimum. 

2. EXPERIMENTAL DETAILS AND NUMERICAL MODEL 
The laser used in this study is a small-scale device with a 25mm diameter by 61cm long active region (volume 300cm2). The 
alumina ceramic plasma tube is surrounded by a fibrous style insulation inside a 70mm ID quartz vacuum envelope. Cold 
slotted copper electrodes are employed with the co-axial current return and brass end pieces water cooled. A l%-2% 
hydrogen/neon buffer gas mix is flowed through an oven containing ZrCl4 powder at ~100°C to generate the HCl-Ne-H2 

buffer gas additive. Optimum neon pressures are 35-40mb. A thyratron switched LC inversion circuit incorporating two 
stages of magnetic pulse compression is used to provide fast-risetime excitation pulses. Modelling simulations have been 
undertaken to match experimental conditions2 corresponding to the "fast circuit" which was used to generate lasing at the 
highest prfs (20-80kHz). The computer model used in this study has been reported in detail elsewhere3. The model 
incorporates a detailed kinetics scheme for the HCl-Ne-H2-Cu mixture in the plasma encompassing 29 species populations 
and -150 electronic, radiative and heavy-body reactions and processes. External circuit details are included. The species 
population densities and other plasma parameters are evaluated as a function of time and radial position. All the model 
results are calculated in a temporally self-consistent manner, with the long-term evolution plasma kinetics followed over 
multiple excitation/afterglow cycles. 
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3. RESULTS AND DISCUSSIONS 
For the KE-CVL operating at 50kHz, the measured I-V characteristics agree well with model calculations as shown in fig. 1 
(based on 0.5%HC1+2.5%H2), particularly with respect to magnitude and duration of the "phantom current" around t=240ns. 
However, the model predicts no lasing action at 50kHz, whereas a laser output power of 35W is consistently observed 
experimentally. This disparity is surprising since close agreement between model results and a broad range of experimental 
data has been demonstrated for a medium-scale KE-CVL 
operating at a lower pulse repetition rate of 12kHz3. 
Further analysis of the model results at 50kHz reveal that 
lasing action is being inhibited principally by the high 
pre-pulse population density of the two metastable lower 
laser levels Cu* 4s2 2D3/2,5ß- If the pre-pulse densities are 
reduced  (from  those  calculated  self-consistently  over 
multiple discharge cycles), the calculated laser output 
power (fig.2) in the subsequent excitation phase increases 
dramatically  to  reach   the  output  power  levels  seen 
experimentally.   Similar   reductions   of   the   pre-pulse 
electron density [e] (fig.2), another parameter known to 
strongly influence laser performance,  do not lead to 
significant increases in the calculated laser output power. 
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Fig.l. Calculated and experimental I-V waveforms for the small 
KE-CVL at 50kHz, 35mb, 2.5%H2, 0.5%HC1. 

Fig.3. Time dependence of the axial Cu* 2D3ß density over one 
excitation/afterglow cycle for a medium-scale KE-CVL3 at 
12kHz comparing model results and experimental (absorption) 
measurements. 

These results suggest that there may be an additional de-excitation mechanism of the metastable 4s ^m.sn levels 
manifesting in the KE-CVL which results in significantly lower pre-pulse densities of the lower laser levels. Inconclusive 
evidence of an additional de-excitation mechanism for the 2D3/2,5/2 metastables has been reported previously3 for a medium 
scale KE-CVL device operating at 12kHz. Population density (absorption) measurements of the 2D3/2 level during the 
afterglow (fig.3) appear to indicate a very rapid decay in the first 10|is, in disagreement with model results. In this case, 
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lasing action was not inhibited in the model because the predicted pre-pulse metastable densities were consistent with 
experimental measurements. In the KE-CVL, fast e-HCl attachment reactions facilitate the rapid removal of free electrons 
during the afterglow period. The model calculations3 at 12kHz suggest that electronic de-excitation rates of the 2D3/2,5/2 
metastables during the afterglow period would in fact be reduced in the KE-CVL (where there are fewer electrons) 
compared to a conventional CVL. 

3.1 De-excitation mechanisms for Cu 4s   D3/2^/2 states 
Collision   processes   leading   to   de-excitation   of  the 
03/2,5/2 metastables may be summarised as follows: 

(a) processes currently included in the model 
known rate-coefficients): 
Elemental (Ne-Cu) CVLs: 

=> Cu 2S1/2 (ground)+Ne+AE 
i/2+AE 

Cu~4s22D+Ne 
Cu*4s22D+Cu2SI/2 

with H2 additive: 
Cu*4s22D+H 
Cu*4s22D+H2(v=0) 
Cu*4s22D+H" 
with HC1 additive: 
Cu*4s22D+Cl 
Cu*4s22D+Cf 

=>Cu2Si/2 + Cu2S, 

=>Cu2Si/2 +H + AE (3) 
=> Cu2S1/2 + H2(v=0)+AE 
=> CuH + [e] + AE 

=>Cu2Si/2 +C1 + AE 
=> CuCl + [e] + AE 

(6) 

(with 
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(4) 
(5) 
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(b) additional processes under evaluation (with unknown 
rate-coefficients): 
Cu*4s22D+H2(v)      =>Cu2Si/2 +H2(v+3)+AE        (8) 
Cu*4s2 2D+H2(v)      => CuH + H + AE (9) 

=> Cu 2Si/2 + H2(v+3)+AE 
Cu*4s2 2D+HCl(v=0)=> Cu2S1/2 + HCl(v=0)+AE (10) 

=> Cu2S1/2 + HCl(v+3)+AE (11) 
=> CuCl + H + AE (12) 

Cu*4s22D+HCl(v) 
Cu*4s22D+HCl(v) 

=> Cu2S1/2 + HCl(v+3)+AE 

Fig.4. Time evolution of species population densities (axial) 
over one excitation/afterglow cycle in the small-scale KE-CVL 
at 50kHz. 
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None of the mechanisms (l)-(7) have rate-coefficients 
large enough to account for the rapid decay of the 
metastable density on the timescale of the afterglow (10- 
20us at 50kHz). Reactions (8) and (11) are unlikely to 
have large rate-coefficients since the molecular 
vibrational energy levels spacings are not closely matched 
(resonant) with the ^^ excitation energies. De- 
excitation of both 2T>m,sn. metastable levels by H2(v>0) 
and HCl(v) via the formation of CuH and CuCl molecules 
are exothermic reactions. Model results at 50kHz indicate 
that H2(v) is the most abundant molecular species (on 
axis) in the afterglow plasma (fig.4). De-excitation of the 
2D3/2,5/2 metastables by collisions with H2(v) (forming 
CuH) has been investigated previously4 although the rate- 
coefficient is not known. (Note: process (9) for v=0 is discounted because the formation of CuH from CU^D^SQ states 
would be endothermic). Since the HCl(v) density is significantly lower than H2(v) (although not negligible), processes (10) 
and (12) are not considered further. By comparing model results and experimental data for the KE-CVL at 50kHz, we 
estimated the rate-coefficient for reaction (9) with H2(v>0) is k9=2.0xl0"I6m'Y1. This is not atypical for known abstraction 
(exchange) reaction rates3. With the inclusion of (9) in the KE-CVL kinetics scheme (and assuming k9 is the same for all 
vibrational levels of H2), the predicted laser output power is brought into close agreement with experimental results (fig.5). 

Fig.5. Laser output power from the small-scale KE-CVL for 
different repetition rates comparing experimental data and 
model calculations (with ^^^ de-excitation via process (9)) 
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Fig. 6. Time dependence of the Cu* 2D3/2 density (on axis) over 
one excitation/afterglow cycle for the small-scale KE-CVL at 
50kHz comparing model calculations and experimental hook 
measurements. 

The calculated decay-rate of the 2D3/2 metastable density 
is increased significantly (fig.6) with the inclusion of de- 
excitation via H2(v) and follows more closely the 
temporal evolution seen in experimental (hook) 
population measurements, (note: modelling shows that 
this effect is obscured in conventional CVLs with H2 

because the metastable decay rates are more strongly 
regulated by electron impact collisions). For the KE-CVL 
operating conditions at 50kHz, the calculated decay time 
for (9) is ~8us. In fact, it is important to realise that the 
pre-pulse metastable densities reach a steady-state over 
many excitation/afterglow cycles as shown in fig.7. This 
result illustrates the importance of calculating the long- 
term evolution of the plasma kinetics self-consistently. 
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Fig.7. Time-evolution of the Cu* 2D3/2,5/2 densities (on axis) and 
laser power over several excitation/afterglow cycles (for the 
small-scale KE-CVL at 50kHz) as the metastable de-excitation 
via process (9) is switched-on. 

4. CONCLUSION 
Plasma kinetics issues in a small-scale KE-CVL operating at an elevated prf of 50kHz have been investigated by comparing 
modelling results and experimental data. Comparisons between modelling and experimental results in relation to the laser 
output power and population densities of the metastable lower laser levels suggests that there is an additional de-excitation 
mechanism for the metastables viz: Cu*2D+H2(v)=>CuH+H. A rate-coefficient k9=2xl0"16mV' for this reaction is proposed. 
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Maintaining efficiency of a Cu-HyBrID laser 

while changing laser parameters 
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ABSTRACT 

The pulse parameters of a Cu-HyBrID laser were measured in a large range of discharge conditions. It was shown that the 
laser efficiency is determined by an adequate pre-pulse electron density. Almost constant laser average power and effi- 
ciency can be obtained in very different pulse repetition rates provided other discharge parameters were adjusted in order to 
maintain the optimal pre-pulse electron density. We observed that the pulse width depends mainly on the HBr concentration 
while the pulse energy is mainly dependent on the absolute HBr pressure and repetition rate. 

Keywords: copper lasers, HyBrED lasers, HBr, visible lasers, laser efficiency 

1.    INTRODUCTION 

The most striking features of the Cu-HyBrID lasers are their ability to operate at high pulse repetition rates, low operation 
temperatures and very short warm-up times. It has been observed that almost constant laser average power and efficiency 
are obtained in very different pulse repetition rates. Consequently, the laser pulse energy, width or peak power can be var- 
ied while maintaining laser efficiency at high levels. The controlling of laser pulse parameters can be very important in sev- 
eral applications. For instance, laser beam divergence depends on the number of round trips in the cavity and therefore it is 
desirable to have a lengthened laser pulse '. In the same way, to preserve the laser beam quality in oscillator/amplifier sys- 
tems the laser pulse width of the oscillator must be larger than the gain duration time of the amplifier. For laser material 
processing, the ablation regime is controlled by laser intensity while the ablation depth is controlled by laser fluency2. 

Many of the observed characteristics of the copper HyBrlD lasers can be attributed to a reduced pre-pulse electron density 
between electrical excitation pulses. However it has been shown3 that, whether pre-pulse electron density is too low, the 
laser efficiency decreases and instabilities takes place in the discharge. The pre-pulse electron density depends on many 
different parameters, such as repetition rate, absolute and relative gas mixture, discharge input power and so on, and it 
might be possible to have the same pre-pulse electron density for many combination of values of the different parameters. 
In other words, the same laser efficiency (hopefully, the maximum one) could be obtained for a large range of pulse repeti- 
tion rate, pulse peak power and pulse energy. Therefore the purpose of the present paper is to investigate the dependence of 
the laser pulse parameters on the operational characteristics of the laser discharge in order to control them in a large range 
mamtaining laser efficiency at the best values. 

2.   EXPERIMENTAL DETAILS 

The Cu-HyBrID laser investigated in this work was a small size one, with a 25 mm bore and 700 mm long discharge tube. 
The details of the laser construction can be found elsewhere". With this laser we obtained typically an average output 
power of 16 W and an efficiency of 1 % using an external plane-plane resonator. The gas enters at the anode end of the 
laser, and is evacuated through an activated charcoal filter to a rotary vacuum pump from the cathode end. Mixture of Neon 
(99.99% purity) and HBr (99.8% purity) was carefully controlled by using independent mass-flow controllers (MKS). The 
gas lines were connected together just after the controllers where a Baratron (MKS) measured the gas mixture pressure. The 
total gas (Ne + HBr) flow rate was fixed at 30 seem. The excitation circuit was a standard resonant-charging, capacitor 
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transfer type switched by an E.E.V. CX 1535 thyratron. Storage (1.2 nF) and peaking (0.6 nF) ceramic capacitors (TDK) 
were mounted directly on the laser head to minimize circuit inductance. 

Laser discharge conditions were followed by measuring the storage and peaking capacitor voltages with two high voltage 
probes P6015 (Tektronix). The laser current and voltage values were obtained by processing the voltage waveforms ac- 
quired with a digitizing oscilloscope TDS540 (Tektronix) as described in 5. The laser average power was measured with a 
calorimeter (OPHIR 30 A - SH). A fast photodiode (EGG 3602) measured the laser pulse. The typical temporal evolution of 
principal laser and discharge parameters are shown in Figure 1. The laser discharge voltage is different from the storage 
capacitor voltage due to the influence of the circuit inductance. 

The actual discharge breakdown is coincident with the 
maximum of the laser discharge voltage. The initial cur- 
rent that appears before breakdown is due to free elec- 
trons that rest after the end of the afterglow period6 . 
Considering that this initial current is essentially due to 
free electrons prior to the true avalanche, the pre-pulse 
electron density is estimated by integrating that current 
from the start of the pulse voltage up to the breakdown 
time Tß (the time when pulse voltage is maximum). The 
result of this integral is proportional to the residual elec- 
trical charge. Taking into account the active volume of 
the laser, the pre-pulse electron density neo can be esti- 
mated by: 100 150 

"Iirre[n^ 

Fig.J - Temporal evolution of laser discharge 
laser discharge current (If) ), storage capacitor 
and laser pulse power. 
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voltage 
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3.   RESULTS AND DISCUSSION 

The main consequence of a lower pre-pulse electron density on laser discharge is a higher voltage breakdown. The first 
effect of an increased breakdown voltage on laser performance is a better transfer of the energy accumulated on storage 
capacitor Cl to the peaking capacitor C2. The laser discharge current is much higher, and much more electrical power is 
injected into discharge leading to an increase of laser power. Thus, we estimated the pre-pulse electron density for different 
laser conditions, and observed the way this quantity affects the laser performance. Figures 2 and 3 show the main pa- 
rameters that affect pre-pulse electron density. 

10 12 14 16 18 
Pulse Repetition Rate (KHz) 

9       10       11       12      13      14      15      16      17 

Charging Voltage -V^ (KV) 
18 

Fig. 2 -Pre-pulse electron density as a function of pulse repeti- 
tion rate for different HBr concentrations. The total laser gas 
pressure was 32 mbar and charging voltage was 12 kV. 

Fig. 3 - Pre-pulse electrons density as function of charging 
voltage for different discharge pulse repetition rates for fixed 
HBr concentration (5%). 
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It is clear from these figures that the strong reduction on pre-pulse electron density is mainly due to the HBr concentration. 
However, both pulse repetition rate and capacitor charging voltage can be also varied in order to control the pre-pulse 
electron density. This is particularly true for intermediate values of HBr concentration (5 %) as is shown in Figure 3. These 
results indicate that the reaction time for electron capture during the post-discharge is of the same order of the time between 
discharge pulses. Figures 4 and 5 show the laser peak current and breakdown voltage as function of charging voltage for 
HBr concentration fixed at 5 %. The laser current depends mainly on the charging voltage and is practically independent of 
pulse repetition rate. These results explain the almost linear increasing of pre-pulse electron density with charging voltage, 
assuming the maximum electron density is proportional to the laser current and that the reaction time for electron capture is 
almost constant for fixed HBr concentration. 

GOO- 

SB 

g.   400- 

3 aD 

1   ao 

no- 

8 10 12 14 16 

ChargngXötaEP-VcOty 

10       tl        12       13       14       15       16 

Chagng\«tagp-V0l(W4 

Fig. 4 - Laser peak current as function of charging voltage for 
fixed HBr concentration (5%). 

Fig. 5 - Breakdown voltage versus charging voltage for differ- 
ent pulse repetition rates for fixed HBr concentration (5%). 

We measured the laser efficiency for different pulse repetition rates and charging voltages. The results are shown in Figure 
6. We observe that the best laser efficiency occurs for different charging voltages for each pulse repetition rate. The opti- 
mal charging voltage diminishes with increasing of pulse repetition rate. However no matter the working conditions of the 
laser we find that this optimal values are obtained when the pre-pulse electron density is between 1 x 1010 and 2 x 1010 

electrons/cm3. Expressing these results as function of the discharge average input power, defined by the product: 

PD=\Cvf.V2 

where C] is the 1.2 nF storage capacitor,/is the pulse repetition frequency and Kis the charging voltage, we observe that 
the laser efficiency remains at the maximum for every pulse repetition rate if the power dissipated into the discharge lies 
between 1500 and 1700 W. In this case the laser pulse energy can be varied from 0.7 to 1.4 mJ maintaining optimal laser 
efficiency. In a recent work7, it was shown that, due to the thermal dissociation of HBr, the actual HBr density present in 
the active medium depends strongly from the discharge input power. 
We observed too, that for this fixed discharge input power, the laser pulse width is almost constant (30 ns) and, conse- 
quently, the laser peak power decreases with pulse repetition rate. It is an interesting result because the discharge voltage 
and current for each pulse repetition rate are very different. One possible explanation is as follows. The discharge break- 
down voltage is related with the initial electron energy and the peak discharge current is associated with the maximum 
electron density. It is well known that there is an optimal range of electron energy for efficiently excite upper laser level. 
The transfer of electrical circuit energy to laser discharge is improved with low pre-pulse electron density and, conse- 
quently, with high voltage breakdown. However, high values of electron energy favors the ionization or excitation to higher 
energy levels, decreasing the ground state population. In addition, we observed that for a fixed HBr concentration the laser 
emission always starts when the discharge voltage is about 8 kV (see Figure 1), no matter the pulse repetition rate, indicat- 
ing probably that the electron energy achieved at this point an appropriate value to excite the upper laser level. Thus, for 
lower pulse repetition rates, the voltage breakdown is higher than for higher pulse repetition rates and, it takes a longer time 
to laser emission start. A similar thing happens with the laser discharge current: at the laser start voltage (8 kV), the lower 
pulse repetition rate, the higher the discharge current. Consequently the excitation rate to the upper laser level is higher for 
lower pulse repetition rates. This can explain the almost constant laser pulse width for different pulse repetition rate and the 
dependence of the laser peak power on breakdown voltage. 
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Fig. 6 - Energy conversion efficiency as function of charging voltage for different pulse repetition frequencies. 

When the HBr concentration was varied, however, we observed significant changes in the laser pulse width. Figure 7 shows 
the behavior of the laser pulse width ( Fig. 7-a) and laser peak power (Fig. 7-b) as the HBr concentration is varied for dif- 
ferent values of the charging voltage. In these figures, the pulse repetition frequency was fixed at 18 kHz. The point here is 
the possibility of obtaining the same energy for pulses with very different widths and peak powers, for a given pulse repeti- 
tion frequency. 
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Fig. 7 -Laser pulse width (a) and laser peak power (b) as function of HBr concentration for different charging voltages. 

Finally, we examined the laser behavior as the total gas pressure ( Ne + HBr) was varied. Figure 8 shows the laser pulse 
energy as function of HBr pressure (at different concentrations). The pulse repetition rate was 18 kHz and the charging 
voltage was 13 kV. The best results for the laser pulse energy were for an absolute HBr pressure of ~ 2 mbar. Again, for 
this optimal value of HBr pressure, and independently of total gas pressure, we observed that laser emission starts when the 
discharge voltage is at 8 kV. Therefore the absolute quantity of HBr determines the electron energy. In these conditions the 
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laser pulse width depends mainly on the HBr concentration and not on the HBr pressure. This is another way to control la- 
ser pulse width while maintaining constant the laser pulse energy. 
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jFig. 8 -Laser pulse energy as function of HBr pressure for different HBr concentrations. 

5.   CONCLUSIONS 

There is not a unique set of discharge parameters for the Cu-HyBrID work efficiently provided the pre-pulse electron den- 
sity is maintained at the optimal range. We have shown that the pre-pulse electron density depends on several discharge 
parameters that can be controlled independently. As a consequence the laser pulse parameters can be varied in a wide with- 
out affecting the laser performance. 
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ABSTRACT 
A survey of experimental and theoretical results on physics of a CO laser operating on first-overtone (FO) vibrational 
transitions V+2-»V is presented. A special attention is paid to quite new results recently obtained at the Lebedev Physics 
Institute (Russia), TRINITI (Russia) and Air Force Research Lab (USA). Efficient multiwavelength pulsed FO CO lasing 
with output efficiency up to 11% and specific output energy up to 50 J/l Amagat is observed within the spectral range of 
2.5-4.1 (im corresponding to the vibrational transitions V+2-»V from 6->4 up to 37->35. Single-line frequency tunable 
FO CO lasing on the wavelengths from -2.7 up to 4.2 um with the maximum output efficiency up to -1% is also observed. 
Multiline and single-line lasing on 430 ro-vibrational lines is obtained. Theoretical calculations based on the experimental 
data predict that multiline FO CO laser efficiency can be enhanced up to 20%. The effect of "spectrum alternation", i.e. an 
alternation of strong and weak vibrational bands, in pulsed FO CO laser spectrum, which is determined by two sets of 
cascade transitions, is experimentally observed for the first time. An influence of nitrogen on spectral characteristics of a 
single-line FO CO laser operating on very high vibrational transitions up to 38->36, which is related to quasy-resonance 
overlapping of the transition with 0-*l transition of nitrogen molecule, is discussed. High efficiency and high specific 
output energy places the FO CO laser amongst other high-power lasers such as C02 laser, fundamental band CO laser and 
HF(DF) laser. 
Key words: CO laser, overtone transition, vibrational-vibrational exchange, output efficiency 

1. INTRODUCTION 
Carbon monoxide laser is very attractive both for practical applications and for fundamental research1"3. From the practical 
point of view its high output efficiency and the possibility of achieving very high overage power are very important. Just 
because of the basic properties of the anharmonic oscillator4,5, an inversion population between vibrational-rotational 
levels of the CO molecule is created by vibration-vibration exchange and lasing itself is possible not only in the 
fundamental band (FB) (V+l->V;te4.63-8.23 um 67 but also in the first-overtone (FO) (V+2->V, X=2.5-4.2 urn 8"10) 
spectral band (Fig.l). The very opportunity of FO CO lasing is due to rather high probability of two-vibrational quantum 
transition V+2-»V for anharmonic CO molecule, because Einstein coefficient Av+2,» for the FO transition V+2->V depends 
on the number of vibrational level V, the ratio A^v/A^v increasing with the number V and even being higher than 1 for 
highly excited CO molecule transitions n"13 (Fig.2). FO lasing on vibrational-rotational transition V+2-»V; J-»J+1 takes 

place with a frequency co y~^v determined from the simple equation:     hü) y'^v = ^a)y^v+\ +^ia)vT\J^v +AErot 

(Fig.3). The spectral range of FO CO laser covers that of well-known chemical HF-and DF-lasers, ro-vibrational lines 
spacing being several times less than that of those lasers. FO CO laser spectral lines coincide with a lot of absorption lines 
of numerous organic and nonorganic substances such as H20, C02, CH,, H20, N02, NO, acetone, benzene, methanol, etc., 
etc (Fig-4). FO CO laser running on these wavelengths can be successfully used for resonance influence upon various 
media in nonlinear spectroscopy, atmosphere monitoring, laser chemistry, etc., long wavelength-range spectrum of FO CO 
laser coinciding with atmospheric "transparency window" and short wavelength-range radiation being effectively absorbed 
by water (Fig.4), which can be used in medical applications, for instance. The paper is a review of researches on FO CO 
laser, the main attention being paid to the quite new experimental and theoretical results jointly obtained by scientific team 
of the Lebedev Physics Institute (Russia), Troitsk Institute for Innovation and Fusion Research (TRINTTI) (Russia) and Air 
Force Research Lab (USA). Theoretical calculations were performed by theoretical group of TRINITI headed by 
Prof.A.Napartovich. 

2. FO CO LASER'S HISTORY 
For the first time FO CO lasing was observed in chemical carbon monoxide laser15. FO CO laser characteristics were very 
poor: output power -100 uW was ~1% of total chemical CO laser power. For electric discharge CO laser cw FO CO lasing 
was observed for the first time in16, where supersonic expansion and cooling of pre-excited CO:He:02 mixture was used. 
Gas mixture CO:He:02= 78:92:1 at intracavity gas pressure 2.75 Torr and gas temperature -40 K (Mach number 4.2) was 
used. The active gain path was 20 cm at the optical axis. The output mirror provided -1% transmission and 99% 
reflectivity over a 2.6 - 3.1 urn band pass, the reflectivity being 30% in the 4.8 - 6.0 urn range of FB CO lasing. The rear 
cavity mirror was a 4-m radius-of-curvature total reflector with 99% reflectivity. FO CO lasing took place on 25 
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ro-vibrational lines, ranging from P(5) line of V+2->V = 12->10 vibrational band at X = 2.688 um to the P(6) line of 
21—>19 at 3.066 um. FO CO laser power and output efficiency was 20 W and 
0.6%, respectively, total output power (FO+FB) being 88 W. Half a year later FO 
CO lasing was observed in pulsed e-beam controlled discharge (EBCD) CO laser17 

with active volume of ~5 1. A laser resonator was used with output mirror with 
reflectivity of -84% for 2.8 - 3.2 um spectral range and -14% for 5.0 - 5.6 um 
range. Laser mixture CO:N2:He = 1:9:10 at gas density 0.5 Amagat (Amagat is a 
reduced density unit corresponding to the number of moles in the one mole volume 
22.41). Pump pulse length was 50 us. The output energy was 9 J at specific output 
energy (SOE) 3.5 J/l Amagat and output efficiency 3.1%. The total (FO+FB) 
efficiency was 30%. FO CO lasing was observed within 2.7 - 3.0 um spectral range 
corresponding to the vibrational bands V+2-»V from 13-» 11 up to 16-»14. 
An optimization of pump conditions and output mirrors enabled authors of1 • to 
extend FO CO lasing range up to 2.7 - 3.3 um and to enhance SOE and output 
efficiency up to 10 JA Amagat and 5%, respectively. FB CO lasing was not 
suppressed yet. Although the authors of1819 carried out detailed parametric study 
of the FO CO laser, they failed in further increase of output efficiency and 
extension of lasing spectrum, which seemed to be due to poor characteristics of 
cavity mirrors. The maximum output energy of -50 J at output efficiency of 5% 

SÄSSiSiiSr1 and SOE 10 J/l Amagat was obtained in20 for the FO CO laser with active volume 
transitions of 10 liters. A lack of interest in such a laser emitting radiation strongly absorbed 
by water vapor and having low efficiency prevented from further progress in R&D of high-power FO CO laser in the 80's. 

However, the interest in low-power FO CO laser, that could be used for 
spectroscopy, still existed. Single-line low pressure cw FO CO laser was developed 
in21, 22, which operated on 330 ro-vibrational lines (150 lines in21) and was 
frequency tuned within spectral range of 2.62 - 4.07 um corresponding to overtone 
transitions from 10->8 up to 37-»35. The laser tube of 90 cm length and 13 mm in 
diameter was cooled by liquid nitrogen. The laser mixture CO:N2:He:Ar at gas 
pressure 17 mbar was pumped by a dc discharge. The laser cavity consisted of gold 
coated concave (R=10m) mirror and a reflection grating in Littrow configuration 
(450 grooves/mm). This laser having low output power of-0.55 W (no data about 
output efficiency at all) quite recently was used for spectroscopic applications23, 

which do not need high output power and output efficiency. 
Theoretically the opportunity of achieving FO CO lasing in electric discharge laser was predicted in24. Numerical studies 
on characteristics of FO CO laser were performed also in25. Analytical theory of the steady state operation of FO CO laser 

was developed in26. Numerical calculations were performed in27 on simultaneous 
FB and FO lasing. Because of the lack of experimental data on vibrational- 
vibrational exchange rates for highly excited levels of CO molecule, normally 
they use extrapolation of low-level kinetic constants for modeling lasing on high 
vibrational transitions24"30. For instance, basing on an agreement between the 
theory and experiment for FB CO laser operating on vibrational transitions from 
5->4 up to 16—>15, the authors of30 used the same set of kinetic constants for an 
estimation of potential characteristics of supersonic FO CO laser operating on 
vibrational transitions up to 44->42 with output power up to 20 MW and output 
efficiency up to 34%. However, for such high vibrational levels the very 
applicability of the extrapolation method is questionable and has to be verified by 
a comparison of experimental and theoretical data. 
Such a comparison was done in29, where multiline FO CO laser pumped by short 

AF     (-1.5 us) electric discharge pump pulse was researched both experimentally and 
"'   theoretically. The authors of29 observed rather good agreement between the theory 

and experiment, but FO CO laser spectrum range was rather narrow (11 lines on 
rather low vibrational transitions from 14-»12 up to 19-»17) and output 

Fig.2. Einstein coefficients for fundamental and 
first-overtone transitions13 

-j]*—j+i 

Fig.3. Diagram of rotational distribution of 
population within vibrational levels of CO 
molecule and laser transitions 
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Wavelength, p.m 
Fig.4. Positions of FO CO laser spectral lines (a). Linear 
transmission spectra of atmospheric water vapor (b), 
carbon dioxide (c), methane and nitric oxide (d) within 
2.5-4.2 um spectral region14 

efficiency was rather low 1.2% at SOE 12 J/l Amagat. 

Therefore, there had not been a FO CO laser, which had high efficiency, high SOE and spectrum overlapping with 
Fir», «vcr,o„, co !„.,„ atmospheric "transparency window" until a scientific team of the Lebedev 

Physics Institute, TPJNITI and the US AF Research Lab started their joint 
activity three years ago. 

3. MULTILINE FO CO LASER 
The experiments were carried out on cryogenically cooled EBCD laser 
facility with active length of 1.2 m. The active volume of the laser was 
determined by diameter of intracavity diaphragm and optics used in the 
experiments. The maximum e-beam current density was 20 mA/cm2, with 
electron energy being 150 keV. The pump pulse length could be varied 
from 25 (is up to several ms, being 25 us in most of the experiments. 
Specific input energy (SIE) changed from -50 up to -1000 J/l Amagat. Gas 
density varied within 0.05-0.5 Amagat. For obtaining multiline FO CO 
lasing we used both intracavity spectral filter and multilayer dielectric 
mirrors. To exclude an influence of FB CO lasing on FO CO laser 
characteristics and to make a comparison between the theory and 
experiment easier, intracavity spectral filters was used13- 31"33. The filters 
were made of fused silica of 2 mm (thick) and 0.5 mm (thin) thickness. The 
laser resonator consisted of two totally reflected copper mirrors (plane and 
concave). Laser radiation was extracted out of the resonator due to Frcsnel 
reflection from both sides of the filter. By using the thin filter we extended 
FO CO laser spectrum up to 3.6 urn. Lasing took place an vibrational 
transitions from 13->11 up to 25->23 (A.=2.7- 3.6 um). When using the 
thin filter, output efficiency was 5.5% at SOE 20 J/l Amagat. FB lasing was 

totally suppressed. Knowing all intracavity optical losses, theory using the experimental data, predicted for FO CO laser 
efficiency to be up to 20%31"33. 

When using dielectric mirrors, the 2.2 m laser resonator consisted of two spherical concave multilayer mirrors with radius 
of curvature of 10.0 (15.0) m or of spherical and flat mirrors situated on the laser 
chamber. Therefore, we excluded the influence of atmospheric air upon the laser 
characteristics, which can be considerably strong13,31"33. Various sets of mirrors 
made in Russia (M1+M2, M2+M2) and made in the United States (M92+M92, 
M98+M98, M92+M99) were used (two laser mirrors in one set). The effective 
reflectivity R=(R,Rj)1/2 (i, j=l, 2) for the mirror of the equivalent laser resonator is 
presented in Fig.5. To suppress FB lasing, special attention was paid to the 
reduction of a mirrors' reflectivity for wavelengths longer than 4.8 um, which 
corresponded to the FB spectral region. Just for the suppression of FB lasing, two 
dielectric mirrors were used instead of one together with a metal mirror used in 
earlier papers17"20. The active laser volume determined by mirror size and 
intracavity diaphragms was 2.3 1 for the Russian mirrors and 0.85 1 for US 
mirrors. Taking into account a high feasibility of destruction of dielectric mirrors 
in a high Q-factor laser resonator at relatively low output laser intensities, and our 
previous results3133 demonstrating that the best FO CO laser efficiency was 
obtained at a gas density of 0.1 - 0.2 Amagat, the experiments were carried out at a 
low density 0.12 Amagat of gas mixture CO:N2:He = 1:9:10 at an initial 
temperature 100 K. Output spectra of the FO CO laser using various resonators 
consisting of sets of mirrors (M1+M2, M2+M2) and (M92+M92, M98+M98) are 
presented in Fig.5 together with spectral characteristics of the mirrors (a vertical 
scale for each lasing band (FO and FB) is different). FB lasing was suppressed 
only for the laser with the resonator consisting of the mirror set M2+M2. When 
using other mirror sets, despite FB lasing, the FO CO laser operated on high 
vibrational transitions with wavelengths up to -4.1 um (M92+M92 set) and on 

lower transitions down to ~ 2.5 um (M1+M2 set). When the M1+M2 set was used, the short-wave spectrum boundary 

3 4 5 6 
Wavelength, um 

Fig.5. Spectral dependence of effective 
reflectivity for different mirror sets and 
corresponding CO laser spectrum (overtone and 
fundamental band) for four laser resonators 
consisting of mirrors Ml, M2, M92 and M98. 
CO:N2:He = 1:9:10; N = 0.12 Amagat; T = 
100 K; SIE is 300 J/l Amagat8'9 
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corresponded to vibrational transition 6->4 with wavelength 2.51 um. A very weak laser line, corresponding to the 37-»35 
vibrational transition at the» longer wavelength of 4.09 um, was observed when the M92+M92 set of mirrors was used 
(Fig.5). Thus, the multiline pulsed FO CO laser operates in the wavelength region 2.5 - 4.1 um, with the laser spectrum 
contents being determined by the spectral characteristics of the equivalent mirror. The SOE of -25 J/l Amagat for the FO 
CO laser was obtained when using the M98+M98 set of mirrors. For the same set, FB CO laser SOE reached 
-20 J/l Amagat. Output efficiency came up to 11% for the FO CO laser (Fig.6), with the FB CO laser efficiency reaching 
up to 9%. Therefore, the total CO laser efficiency (FO+FB) was 20%. The SIE growth up to -700 J/l Amagat (M92+M99 
mirror set) resulted in a SOE of-50 J/l Amagat. For the M98+M98 mirror set, we limited SIE because of the danger of 
multilayer laser mirrors damaging due to a high total (FO+FB) energy density. 

Theoretical modeling of the FO CO laser for conditions corresponding to the 
experiments involving the US mirrors was performed for the mirror set 
M98+M98. Experimentally measured cavity parameters were included in the 
model, which essentially coincide with the earlier published model • 
The only difference was that, at present, in this model the laser transitions in 
the fundamental band were also included. Therefore, it was possible to 
simulate simultaneous lasing in both bands (first-overtone and fundamental). 
High values of the reflection coefficient for the mirrors made laser 
characteristics more sensitive to an exact magnitude of additional intracavity 
optical losses not included in the model, i.e. diffraction loss and optical loss 
depending on gas refractive index gradients. In Fig.6, calculated laser 
efficiency for FO (curve 1) and FB (curve 2) lasing is compared with the 
experimental data for the mirror set M98+M98. The FO laser efficiency 
predicted is about 1.5 times higher than measured in the experiments, while 
the efficiency for the FB lasing is described more or less satisfactorily. To 
evaluate the sensitivity of calculations to the exact value of the intracavity 
loss, additional optical losses were introduced equal to 0.5% per single pass. 
The result of the theoretical predictions is shown in Fig.6 (curve 1' for the FO 

and curve 2' for the FB efficiency, respectively). It can be seen that the FO curve came closer to experimental points while 
the FB efficiency is insensitive to the variation of losses. Calculations of the FO laser efficiency for the same cavity, 
assuming that FB lasing is totally suppressed, yielded curve 3 in Fig.6. This means that additional absorption of radiation 
in the fundamental band can lead to further increase of the FO laser efficiency up to 15-17%. Application of optimal laser 
mirrors (no spectral holes within 2.5-3.0 um region) will increase the output efficiency up to 20%13' 

4. SINGLE-LINE PULSED FO CO LASER 
The FO CO laser resonator consisted of a diffraction grating operating in Littrow configuration and concave (r=10 m) 
copper mirror, the former being located at a distance of 0.4 m from Brewster window made of CaF2 and the latter being 
installed at the laser chamber. Polarization plane of intracavity radiation was perpendicular to grating grooves (S- 
polarization). The laser resonator length was 2.5 m. There were two diaphragms inside the laser resonator with diameter 
50 mm near the copper mirror and -30 mm near the grating. The optical volume was 0.85 /. FO CO laser radiation was 
extracted through the zero diffraction order of the grating. The different diffraction gratings were used for spectral 
selection and tuning of FO CO laser radiation. The gratings were made of Al coated glass and had 200 grooves per mm. 
When using one of the grating (Gl), FO CO laser radiation was frequency tuned within spectral range of 2.7 - 4.1 urn 
corresponding to the overtone vibrational transitions from 12->10 up to 37->35. Maximum output efficiency was -0.1% 
for the wavelength 3.34 um (ro-vibrational transition 28->26 P(ll)). Nitrogen free laser mixture CO:He = 1:4 was used at 
gas density 0.12 Amagat (SIE was 320 J/l Amagat). 
Fig.7 demonstrates FO CO laser efficiency for another grating (G2) versus wavelength when using gas mixtures 
CO:He=l:4 (Fig.7a) and CO:N2=l:6 (Fig.7b) at gas density 0.12 Amagat. When using CO:N2 gas mixtulre, laser efficiency 
came up to -0.6% (Fig.7b) at the wavelength 3.8 um. For CO:He mixture laser efficiency was -0.1%. However, for 
lasing on higher vibrational band helium free laser mixture was not so good. For example, lasing on 38-»36 vibrational 
transition was not observed at all, when using CO:N2 mixture. It should be noted that addition nitrogen with concentration 
more than 10% to the helium mixture CO:He=l:4 suppressed lasing on that vibrational transition. Thus, with the grating 
G2 the longest wavelength obtained for gas mixture CO:He=l:4 was 4.16 um (Fig.7a) (38->36 transition) and 4.03 urn 
(Fig.7b) (37->35 transition) for CO:N2=l:6 gas mixture. The phenomenon is related to V-V exchange resonance between 

0 100 200 
SIE, J/l Amagat 

Fig.6. Laser efficiency vs. specific input energy (SIE) 
for mirror set M98+M98 (experiment -points; theory - 
curves) Theoretical results: 1, 1', 3 - first-overtone 
(FO) lasing; 2,2' - fundamental band (FB) lasing 1, 2 
- base model; 1', 2' - additional nonselective optical 
losses are included (0.5% per single pass); 3 - FB 
lasing is assumed to be suppressed, additional optical 
losses are the same CO:N2:He=l:9:10; 
N=0.12 Amagat; SEE=300 J/l Amagat; T=100 K 9 
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40->38 overtone vibrational transition of CO molecule and 0->l fundamental 
vibrational transition of N2 molecule (see below). 

By using the gratings frequency' tunable single-line FO CO lasing was observed 
within spectral region 2.71-4.17 ixm on 413 ro-vibrational lines. The lack of 
lasing at wavelength shorter than -2.7 |im can be related to atmosphere water 
vapor being in laser resonator between Brewster window and a grating over the 
distance of 0.4 m. Taking into account ro-vibrational lines observed for 
multiline lasing on lower vibrational transition, altogether 430 ro-vibrational 
lines were detected in the experiments. It should be noted that single-line 
pulsed FO CO lasing was obtained on highly excited CO molecule transitions. 
Small signal gain measured for these transitions by introducing calibrated 
intracavity optical losses came up to -0.3-0.4 cm"'. 

5. FO CO LASER SPECTRUM FORMATION 

Quite interesting effects of spectrum formation are experimentally observed for 
FO CO laser operating both in multiline and single-line mode of operation. The 
effect of "spectrum alternation" (i.e. an alternation of strong and weak 
vibrational bands) in multiline pulsed FO CO laser spectrum was 
experimentally observed 34(Fig.8). The 
effect  was  theoretically  predicted  in 

Ref.35, however has never been observed before our experimental research. The 
"spectrum alternation" is caused by two sets of cascade, transitions (Fig. 1) operating 
independently, which can happen if the rate of radiative transitions is much higher 
than that of vibrational-vibrational exchange. 

An alternation of FO CO laser output energy 
over vibrational bands ("zebra-like" spectrum) 
was observed for a laser mixture of 
CO:N2:He=l:9:10 at gas density of 
0.12 Amagat in34. Although, there was 
mentioned in Ref.35 that the "spectrum 
alternation" took place in nitrogen containing 
laser mixture only, the effect was also 
experimentally observed for various gas 
mixtures CO:N2=l:9, CO:He=l:4 and pure CO 
(Fig.8a-c). Two sets of vibrational bands 
corresponding to two different lasing cascades 
are designated by gray and black bars. The 
"spectrum alternation" was observed for 
different gas density varying within 0.02- 
0.3 Amagat. 

Another  effect  of FO  CO  laser  spectrum 
formation is suppression of single-line lasing 
on the highest vibrational transition 38-»36 

when adding a small amount of nitrogen (Fig.7, see above). The change of single- 
line FO CO laser spectrum seems to be related to specific kind of intermolecular V- 
V exchange - two vibrational quantum for one: CO(V)+N2(0)-»CO(V-2)+N2(l). 
The result of numerical calculations36, which confirms the idea, is presented in 
Fig.9. 

It should be noted that so-called multiquantum vibration exchange model was used 
for above calculations, which took into consideration multiquantum exchange processes: CO(V)+CO(U)->CO(V- 
n)+CO(U+n) (n>l) in addition to single-quantum exchange process (n=l). An application of multiquantum model is 
extremely important for a description of kinetics of highly excited vibrational levels of CO molecule37, i.e. just for levels on 
which FO CO laser runs. Single-line FO CO laser spectrum (so-called tuning curve) was calculated by using multi- and 
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Fig.9. Output laser efficiency vs. vibrational 
quantum number V (V+2-» V) for two different 
laser mixture CO:Hc:N2=l :4:X, where X = 0; 
0.4636. 
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Fig. 8. "Zebra-like" spectra for FO CO 
laser operating on various laser mixtures 
CO:N2=l :9 (a), CO:He=l:4 (b) and pure 
CO (c). N=0.12 Amagat, T=100 K * 

Fig. 10. Output laser efficiency for the FO CO 

laseri6 vs. vibrational transition V+2—»V. 1 - 
experiment; 2, 3 - results of simulation by 
mufti- and single-quantum models (2 - 
multiquantum, 3 - single-quantum). 
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single-quantum models (Fig. 10) and compared with experimental results. It can be clearly seen that the multiquantum 
model produces much better agreement with the experimental data than the single-quantum one. 

6. CONCLUSIONS 
Pulsed FO CO laser operates in the wide IR spectral region from 2.5 up to 4.1 iim, on vibrational transitions from 6-»4 up 
to 37->35 as broad band dielectric mirrors are used for a laser resonator. FO CO laser spectrum (vibrational bands 
position) is strongly depends on spectral characteristics of laser mirrors. Using dielectric mirrors with high reflectivity 
within extended spectral range and with low useless optical losses enabled us to enhance pulsed FO CO laser efficiency up 
to 11%. The results of the theoretical calculations are in a good agreement with the experimental ones. Basing on these 
results the theory predicts, that FO CO laser efficiency can be as 15 - 20%. Tunable FO CO lasing on wavelength from 2.7 
up to 4.2 um corresponding to overtone vibrational transitions from 13—>11 up to 38-»36 was obtained. The maximum 
SOE came up to ~ 3 J/l Amagat, with single-line output efficiency being up to 0.6%. Multiline and single-line lasing was 
observed on 430 ro-vibrational lines. Although these results were obtained for cryogenically cooled FO CO laser, 
theoretical calculations predict that the laser can successfully operate at room temperature with output efficiency 1-3% 
(SIE=530 J/l Amagat, T0=278K, p=413 Torr, CO:N2:He=12.5:37.5:50, E/N=1.5 10'16 V cm2)36. The prediction was quite 
recently confirmed in Ref.38, in which 2% output efficiency was experimentally obtained for repulsed FO CO laser 
operating at room temperature within -2.8-3.3 \im spectral region by using EBCD laser facility operating before as 
fundamental band CO laser38, 39. High efficiency and high specific output energy obtained just places the FO CO laser 
amongst other high-power lasers such as C02 laser, FB CO laser, HF(DF) laser, its spectrum region covering that of HF 
and DF lasers and the number of spectral lines, many of which coincide with absorption lines of many substances, being 
much higher. FO CO laser can be considered as a new efficient source of high-power IR radiation which can be used for 
different applications. 
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Room-temperature repetitively pulsed CO overtone laser 
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DLR Stuttgart, Institut für Technische Physik 
Pfaffenwaldring 38-40, D-70569 Stuttgart, Germany 

ABSTRACT 

Experimental results on a pulsed e-beam sustained discharge CO laser are reported. The gas was cooled down to a 
temperature of 5° C, the active volume was 1.5 1. Optimizing gas composition, gas pressure, and output mirror reflectivity, 
pulse energies up to 8 J corresponding to a specific value of 16 J / lbar could be demonstrated. The spectrum of the laser 
radiation was analyzed, lines between 2.8 and 3.3 urn were found. In burst mode operation, up to 100 pulses at pulse 
frequencies up to 30 Hz have been achieved, resulting in an average laser power of 60 W. 

Keywords: CO overtone laser, repetitively pulsed, room-temperature operation 

1.   INTRODUCTION 

Operating a CO laser in the first overtone regime, a great number of laser lines in the very interesting wavelength range 
between 2 um and 5 um can be produced. Up to now only results from experiments at cryogenic gas temperatures have 
been published''2. Based on experiments running as a fundamental mode CO laser at room temperature 3, investigations on 
the multispectral laser of the Institut für Technische Physik operating as first overtone CO laser ( gas temperature 
« 5° C ) have been carried out ( X = 2.5 - 3.5 um). 

2.   EXPERIMENTAL SET-UP 

The Institute's multispectral laser has been developed from a pulsed C02 laser towards a reliable and powerful test bed for 
different laser gases 4. Fig. 1 shows a schematic cross section , Fig. 2 the beam exit side of the laser. The laser gas is excited 
in a volume of 12 1 ( 10x10x120 cm3 ) by means of an e-beam sustained pulsed discharge. To exchange the gas in the 
discharge region and to remove loss energy, the laser gas is circulated by three axial blowers and cooled in a heat exchanger 

axial 
main blowers 

discharge 

e - beam 

heat _ 
exchanger 

Fig. 1. Multispectral laser test-bed, schematic. Fig. 2. Multispectral laser with stable resonator, beam exit side. 
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down to a minimum of 5° C. The laser gas was a mixture of CO, N2, and He which was purified during filling by means of a 
liquid Nitrogen cooled Zeolith filter. 
To reduce costs, ZnSe output mirrors of 2" diameter have been chosen, resulting in a beam diameter of 4 cm and a reduced 
active volume of 1.5 1. The concave Cu end mirror had a radius of curvature of 13 m. 

3.   SINGLE PULSE OPERATION 

3.1   Optimization of output mirror transmission and gas mixture 
To determine the optimal operation parameters of the overtone laser, three different output mirrors with a transmission of 
T=l%, T=2%, and T=3% resp. at X = 2.7 - 3.3 urn and T > 90% at X = 4.8 - 6 um have been investigated at different gas 
mixtures. Gas pressure was 400 mbar, gas temperature between 5° C and 7° C. The Helium fraction was held constant at 
50%, the CO and N2 fraction was varied between 5% CO / 45% N2 and 20% CO / 30% N2 respectively. The results are 
shown in Fig. 3. The maximum pulse energy was measured at a CO fraction of 12.5% for all three mirrors. If not mentioned 
otherwise, all the following experiments have been performed using this optimal gas mixture and the output mirror with a 
transmission of T=3%. 

UJ 
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4- A< —■ T=3% 

/ 
^ T=2% 

3- 

/ 

2- ^iT=1% 

1- 

0- _—.     ,     ,     ,     ,— 1     i     »—i 
0 5        10       15       20      25 

CO-fraction [%] 

Fig.3. Influence of gas mixture and output mirror 
transmission T on pulse energy, 
main discharge loading voltage 44 kV 

2,01 

1,5 

VI 

I   1.0 

UJ 

0,5 

0,0 —i— 
10 ~20~ 30 15" 50 

T[°C] 

Fig. 4. Laser pulse energy as a function of gas 
temperature T; EL=1 J at T=16c C 

3.2  Influence of gas temperature and gas pressure 
The influence of the gas temperature on the laser performance is shown in Fig. 4. The laser pulse energy was about U 
(100%) at T=16° C, it rises to 170% at T=6° C and falls to about 30% at T=44° C. These results are preliminary because the 
experiment was carried out before optimizing the laser parameters. 
Fig. 5 shows the dependence of the pulse energy on the gas pressure. A maximum of 7 J was measured at a pressure of 
325 mbar. At lower pressures the laser pulse energy decreases rapidly caused by the growing instability of the main 
discharge. 

3.3. Laser pulse energy as a function of the discharge energy 
Varying the main discharge loading voltage up to 48 kV, corresponding to a discharge energy of 346 J in 1.5 1 active 
volume, the laser output energy was measured at gas pressures of 400 mbar and 325 mbar ( Fig. 6 ). The maximum pulse 
energy achieved was 8.2 J for 325 mbar. This corresponds to a specific pulse energy of 16.8 J/lbar and a electrical efficiency 
of 2.4%. For comparison, a typical result for fundamental operation is also given in Fig. 6. 
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3.4. Laser pulse form 
To determine the laser pulse form, measurements of the laser output power as a function of time have been carried out using 
an Ulbricht integrating sphere and a fast photoelectromagnetic detector. An example of the results is given in Fig.7 for a 
laser pulse energy of 4.4 J. Typical for a CO laser is the delay between the discharge pulse at t=0 ( duration 8 us ) and the 
onset of the laser pulse, as well as the long pulse duration of more than 100 us. Both the delay and the length of the pulse 
are varying with the discharge energy. 

Transmission of output mirrc 

-i 1 r 
10« 150 200 

tu»] 

■Vt*rMfri 
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3800       3600      3400     3200     3000 

wave number [ cm-1] 
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wavelength [Mm] 
3,S 

Fig. 7. Laser pulse form, laser energy 4.4 J Fig. 8. Spectrum of CO overtone laser together with transmittance 
curve of the output mirror 

3.5. Spectrum of the CO overtone laser 
Using one of the laser mirrors as a filter with T<1% at 2.7 - 3.3um and T=99% at 4.8 - 6 urn it could be verified that the 
CO laser was operating in the overtone regime only. To check the wavelength distribution, a very sensitive Joulemeter with 
a detector surface of lxl mm2 was moved along the exit slit of a spectrum analyzer. The resulting spectrum together with 
the transmissivity of the output mirror is shown in Fig. 8. Each "spectral line" includes a multitude of rotational transitions, 
which could not be resolved by the measuring arrangement. The numbers of the vibrational bands are depicted at the 
corresponding spectral peaks. 
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4.    REPETITIVE OPERATION 

To investigate the laser performance in the repetitive mode, bursts of up to 200 pulses at pulse frequencies of up to 30 Hz 
have been run. The pulse energy was 2 J, resulting in a mean output power of 60 W. After 100 pulses at 20 Hz (Fig. 9 ) no 
degradation of the pulse energy could be observed. The laser gas temperature remained constant at 5° C at the entrance of 
the discharge region. 

Fig. 9. 
Top: 
burst of 100 pulses at 20 Hz pulse 
frequency, pulse energy 2 J 
Bottom: 
single pulse (zoomed), time scale 
20 us/div 

5.    SUMMARY 

The DLR multispectral laser can be operated reliably and reproducibly near room temperature in the CO first overtone 
regime at wavelengths between 2.8 and 3.3 urn. In table 1 the optimal results obtained at a gas temperature of 5° C are 
summarized, the potential for the total discharge volume of 12 1 and typical results of the fundamental mode operation are 
added for comparison. 

Single pulse 

Repetitive 

Overtone Fundamental 

Active volume       [ 1 ] 1.5                    12 1.5                    12 

max. pulse energy   [ J ] 8                     64 42                    33f 

electr. efficiency   [ % ] 2.4 15 

pulse energy          [ J ] 2                      16 24                     19C 
pulse frequency   [ Hz ] 30 30 
number of pulses 100 100 
mean laser power [ W ] 60                    480 720                   580 

Table 1. Experimental results of the CO laser (1.51 active volume, overtone and fundamental operation ) 
and extrapolation to the full active volume of 121 

Concerning long term operation, the damage resistance of the mirror coatings must be increased and the problem of gas 
degradation has to be solved. Carbon dioxide produced in the discharge can be removed by means of a Zeolith filtering 
system which has been demonstrated successfully in cw CO laser operation. More critical is the outgasing of impurities 
from laser structural components. This problem has to be investigated thoroughly and can be avoided by the selection of 
suitable materials. 
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ABSTRACT 
Studies of vibration-vibration exchange in CO molecules excited up to vibration quantum numbers v=20 are performed both 
theoretically and experimentally. New kinetic model taking into account multi-quantum W exchange in temperature range 
T=100+300K is described for the first time. Description of the experimental methodology allowing for studies of effects of relaxation of 
the vibrational distribution after a sudden disturbance is given. The disturbance of the vibrational distribution is produced by Q-switchcd 
short pulse of single line radiation in fundamental band. The relaxation is studied by measuring laser pulse energy of the second pulse 
initiated by resonator Q-switching produced with variable time delay relative to the first pulse. A set of kinetic rate constants accepted in 
the model for various gas temperatures, vibration level numbers and number of exchanged vibration quanta from 1 to 4 is presented. 
Good agreement between experimental data and results of the advanced theory is the first direct evidence in support of multi-quantum 
exchange model. 
Keywords: vibration exchange, kinetic model, multi-quantum exchange, rate constants, CO molecules 

The formation of inverse population in CO laser is grounded on fine peculiarities of W exchange of molecules excited in 
high vibration levels1. This fact was important practical reason, strongly stimulated the studies of W exchange kinetics. 
Historically, the first, as the most simple, single-quantum exchange (SQE)25modeI. This model has no strong physical 
background and was never verified for calculations of W-exchange rates of highly excited CO molecules. Nevertheless, 
SQE model was widely used in practical calculations. Its justification was based on rather satisfactory agreement between 
calculated and measured steady state vibrational distribution function (VDF)6. 
Multi-quantum exchange (MQE) processes in CO were calculated later7"10. A set of rate constants (RC) from Ref. 10, given 
at low temperature T»100 K for vibrational levels v>5, was incorporated in CO vibrational kinetics model1112. The results 
were a satisfactory agreement with measured of steady state VDF. The calculations''12 also demonstrated that transient 
behavior of the VDF after frequency selective perturbation is quite different in both models for high vibrational levels 
(v=20^25), but very similar for lower levels. The main objective of the paper is to verify MQE model of CO laser active 
medium kinetics. Previously11'2, MQE model was formulated only for constant T»100 K gas temperature. This restriction 
prevented to compare in details the results of calculations and real experiments. More general MQE model, taking into 
consideration time variation of gas temperature in the range ~ 100H-300 K, is presented below. To verify model, 
experimental data were used on the second pulse energy restoration in resonator double Q switching CO laser with line 
selection in high vibration v number transitions'3"'5. 

Kinetic model of CO:N2:He laser was published in Ref. 4. Revised model was presented in Ref. 16. It includes detailed 
information on all important processes, that is, W and W exchange rates, rates of excitation of molecules by electron 
impact, VT relaxation, processes of spontaneous and induced radiation, spectroscopic data and the equation for gas 
temperature. Except VV exchange rates, in MQE model this information is used without changes. Only those aspects of 
kinetic model are considered below, which concern W exchange rates. 
Schematically, the system of kinetic equations, describing a time evolution of CO molecule population on vibrational level 
v, has the form: 

dn 
~1~ ~ K-v +Kv+ Kv + Ryyr+ KP + RJm > 0) 
at 

Here Rv
e_v , R^,   R^,, R^T, R^P, R]ND are the rates of electron-molecule excitation, intra- and inter-molecular 

\ibration-vibration exchange, vibration relaxation, spontaneous and induced radiative transitions. The description of these 
rates can be found elsewhere1617 and is not presented here. The rates of multi-quantum W exchange has a form: 
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Here Wv+m v is the frequency of transitions from level v+m to level v and Wv_mv is the frequency of transitions from level 

v-m to level v, expressed as follows: 
W       - V<9!"m''   n W       =Yöv_m'v-« (3) 

i>m Um 

Ql+m'v we RC of m-quantumexchange. One may conclude from Ref. 10 that processes with m>4 are not important for v< 

30-35 and are not considered. 
For low vibrational levels effects of anharmonicity and, hence, effects of multi-quantum exchange play a negligible role. 
Therefore, for v-numbers v<5 rate constants were taken in accordance with recommendations of Ref. 16, i.e. within the 
framework of the SQE model. Analysis of data in Ref. 10 allows to select for any exchanged quanta m the range of 
vibration quantum number v, where the probabilities of multi-quantum transitions are of the order of unity. One can 
consider these processes as near-resonant, processes out this range - as non-resonant. All quantum numbers v, u, for | v-u I 
>6 proved to fall into non-resonant range. For near-resonant exothermic single quantum and two quantum exchange 
processes RC were presented in the form: 

övV-tVv-,-,=övV-tV-2^(V^), (4) 
Data from Ref. 10 allowed to determine function 0(v, k) only for a few selected v numbers. At intermediate v numbers 
0(v, k) function was interpolated linearly. For v>16 it was considered as constant, &(v, k)=0(16, k). RC calculated in this 
manner were called as modified rate constants (MRC). MRC were used in the model for v>10. Finally, in the range 
10>v>5 RC were calculated as a linear superposition of MRC and those from Ref. 16. 
For non-resonant processes transition probabilities are small and supposed to follow SSH perturbation theory [18]. The 
perturbation theory gives the following dependence of rate constants on initial and final quantum numbers v and u and the 
number of exchanged quanta m: 

Hv,v—m 

2 

"u,u+m 

3Vo #0,m 

Öu,u+m         Jv,v-m       ± u,u+m     j-y « j-.v,v-m \ /e\ 
v,v-m~~ ~    ^</^Wm)> P) 

Hm,ü */o,m 

where F(AE) is an adiabaticity function for non-resonant processes, which has a universal form in the SSH theory (see, for 

example Ref 4,17), A£u'u+m is energy defect of process, qViV^, is the matrix element of the lowest order interaction term 

giving rise to a process of m quantum exchange. These matrix elements can be calculated using relative value of 
appropriate Einstein coefficients A and frequency v of transitions. Einstein coefficients A for transitions in CO molecule 
are presented, for example, in Ref. 3,4,16. The procedure described was used to determine RC for temperatures T=100 K, 
200 K, 300 K. At intermediate temperatures RC were calculated by means of linear logarithmic interpolation. For 
endothermic processes RC were found using detailed balance principle. RC at T=100 K are shown in Fig. 1. 

Double Q-switching technique for frequency selective mode of CO laser operation was used to study effects of vibration 
dynamics induced by the first short laser pulse perturbation of VDF on selected \ibrational-rotational transition of CO 
molecule. The second laser pulse on the same transition served as an indicator of relaxation rate of this perturbation. To 
compare calculations and measurements the ratio QyQi=R of the second laser pulse energy to the energy of the first one as 
a function of the delay time xi_2 was taken as a quantitative measure of VDF recovering 
Measurements of R dependencies on xi_2 were carried out for variable experimental conditions: different selected 
vibrational-rotational transitions; different laser mixture density N and temperature T; specific input energy (SIE) 
deposited into electric discharge; time delay xd between beginning of the pump discharge pulse and the first Q-switched 
laser pulse. 
Experimental setup and method of measurements were described in details previously13"15 and are not presented The 
conditions of experiments were as follows: laser gas mixture CO:N2=l: 1, laser gas density N=0.047 Amagat, initial gas 
temperature T=100±3 K, specific input energy (SIE) varied in the range 200-600 M. Amagat with relative uncertainty 5%. 
Measured parameters of active media (specific energy input, initial gas temperature, gas density and composition etc.) and 
laser action (selected lines and resonator loss, x, xd, tw) were used as input parameters to calculate the process of double 
pulse Q switched laser action. MQE kinetic model was used to calculate ratio R as function of time delay xi„2. 
Representative results of calculations are presented in Fig. 2. Experimental data are presented by points with estimated 
uncertainty of measurements. Also presented the results of calculations using SQE model. 
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One can see that MQE model describes experimental data rather well. SQE does not correlate with measurements. Taking 
in mind that maximum value of R was in the range 0.8-0.9, the interval Xi.2 to reach R=0.8 was used as measure of time 
constant of population restoration process and labeled as %» One can see that measured values of x0.8 in selected 
transitions are in the range 3.6-6.3 us. Table 1 shows x08 obtained from measurements and calculations using both models. 
Table 1. 

Transition 
V-»V-1 P(J) 

SIE 
J/l.Amagat us SQE 

tos, US 
MQE experiment. 

13-»12P(11) 250 590 2.30 5.80 6.3 
13->12P(11) 290 590 2.30 5.30 4.2 
15->14P(13) 330 590 1.70 5.45 4.0 
15->14 P(13) 375 590 1.50 5.00 3.6 
19-»18 P(15) 330 590 1.45 5.80 5.5 
20-»19 P(14) 560 590 1.30 3.60 3.7 

After instant perturbation of population nv in vibration level v the process of restoration op population fix 
approximately the equation 

lows 

d(Anv) 

dt 
= R. 

An.. 
(7) 

where Rv is the pumping rate of level v from all other levels and Xw is time constant of relaxation process. It is easily 
follows from (2) and (3) that 

m>l       i>0 i>m (ft\ 

Fig. 3 shows v number dependencies of Xw"1 calculated for typical conditions of experiments. One can see that frequencies 
Xw"1 given by MQE model (curve 1) exceed those given by SQE (curve 2). Differences increase with v number and reach 
5-fold at v>30. Curve 3 shows t,,"1 given by SQE processes in MQE model. MQE processes are very important, as one can 
conclude comparing curves 1 and 3. Time constants Xy, are important parameters in line selective CO laser kinetics. In 
particular, gain saturation intensities can be easily evaluated as Is^v/ox^. (h v- quanta of radiation, a - cross section 
for induced transitions). 
In conclusion, theoretical and experimental study of vibrational exchange kinetics of highly excited CO molecules has 
been performed using double pulse Q-switching CO laser. MQE model of CO kinetics11'12 is generalized to take into 
consideration time varying temperature in the range T=100-300K. Calculations of double pulse Q switching line selective 
CO laser using MQE model correlate reasonably well with measurements for transitions in the range of v numbers from 
v=13 to v=20. The same calculations using SQE model differ considerably from measurements. This is the first direct 
experimental evidence in support of MQE in comparison with SQE model. 

This research was supported by Russian Foundation for Basic Research (Grant N 99-02-17553), European Office of 
Aerospace Research and Development (USA), AF Research Lab (USA). 
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ABSTRACT 

The vibrational distribution function (VDF) of CO molecules in the mixture with helium decreases rapidly for 
vibrational levels higher than 11. The VDF plateau may be significantly increased by addition of nitrogen or Xe. There is a 
strong correlation between VDF and concentrations of plasma-chemical products in the mixture. 

Keywords: CO lasers 

1. INTRODUCTION 

The CO lasers are of a great interest for the industrial applications. There are no alternatives for devices generating 
radiation in the 5 < X < 6 um range. Although, there are already some CO lasers available on the market but the laser 
plasma-chemistry has not been thoroughly studied and understood. 

This paper presents results of the experimental and numerical investigations of the plasma-chemical processes in 
the DC discharge of CO lasers. The special attention is paid to the generation of species containing carbon, like: C2 or C20, 
which may play an active role in the vibrational de-excitation of CO molecules. 

2. EXPERIMENTAL SET-UP AND PROCEDURE 

The measurements have been performed in sealed off and slow-flow set-ups, using various compositions of 
CO:N2:He:Xe mixtures at pressures ranging from 3 to 15 Torr. All experiments were carried out in a discharge tube of the 
internal diameter of ~ 15 mm and a length of - 50 cm. The tube was cooled with water flowing in an outer jacket. The 
experimental set-up is schematically shown in Fig.l. The discharge current was in the range 20-100 mA. The special care 

Fig.l. Experimental set-up: l.discharge tube, 2. electrodes, 3. cooling jacket, 
4. diaphragm, 5. lens, 6. chopper, 7. monochromator, 8. detector, 9. amplifier, 
10. synchronizer, 11. X-Y recorder 

11 
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was undertaken to minimize all the possible impurities in the working gas mixture. 
The vibrational distributions of the CO molecules were determined from the infrared emission spectra of CO (fust 

and second overtones) using a standard procedure based on the least squares fitting [1]. 
The concentration of carbon atoms was determined from the C(2p3s 'P0) electronic-state emission, considering 

wavelength X - 247.8 nm, i.e. transition 2p3s 'P0 —> 2p2 'So- This estimation procedure is reasonable, because the 
considered electronic state is excited by collisions of the carbon atoms (in the ground state) with electrons. 

The aim of our experimental work was to determine concentrations of vibrationally excited CO molecules as well 
as various plasma-chemical products and to study possible correlation. 

The rate constants of various processes were calculated using EEDF determined for various mixtures from 
the Boltzmann equation in the two-term spherical harmonics approximation. The cross sections for collision processes with 
participation of electrons, published in ref. 2 were used in the work. 

3. RESULTS AND DISCUSSION 

Figure 2 presents the vibrational populations of CO molecules at different experimental conditions. The popula- 
tions of CO(v) levels in He-CO mixture are smaller than in the mixtures containing nitrogen or xenon. They fall also rapidly 
in the region of vibrational levels, v >11. The addition of N2 or Xe leads to an increase of vibrational level population, more 

significant for higher vibrational levels. Usually, in 
the case of the Xe addition, this phenomenon is 
related to the E/N decrease and the resulting growth 
of the vibrational excitation efficiency. 

On the other hand, the carbon containing 
species like: C2 and C20 - produced during plasma- 
chemical reactions, may also influence the 
vibrational distribution function (VDF) through 
several energy loss mechanisms including: the VT, 
VV and VE relaxation. Unfortunately the rate 
constants for those processes are not well known. 

However, the VT relaxation, usually less 
efficient than the W one, probably does not 
contribute significantly to the loss of the vibrational 
energy. Even if the rates for the VT relaxation on C, 
C2, and C20 are as large as for He, the respective 
concentrations are much smaller than that of He. 

The second mechanism, the VV transfer 
(usually a near resonant process) may be 
significant-ly more efficient. The C20 molecule in 
the ground electronic state has three characteristic 
frequencies [3]: ©i = 2046 (1841) cm"1, o>2 = 608 
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Fig. 2. Vibrational distribution of CO molecules in the discharge 
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Fig. 3.Concentration of carbon atoms vs discharge current; points - 
experiment, lines - calculations; p = 10 Torr; 
(1) He +7%CO; 2- He +7%CO +4% Xe; 3- He +7%CO +4%N2 

(580) cm1, 0)3 = 1270 (1097) cm"1 (in the 
parenthesis the theoretical values [] are presented). 
They are close to the frequencies of the CO 
molecule for the vibra-tional transitions in the 
Treanor and VDF plateau regions (energy regions 
where vibrational distribution function is far from 
Boltzmann equilibrium). The C2 molecules may 
contribute to VV transfer even more significantly 
than C20, because the frequency of the v = 0 —> v = 
1 transition of C2(X *E) is almost in resonance with 
the frequency ofv=13—»v=12 transition of the 
CO molecules. The discussed resonance processes 
may markedly decrease the CO(v) populations in 
the VDF plateau region. 

The vibrational-electronic, VE, processes 
must also be considered as a possible mechanism of 
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Fig. 4. Energy diagram of vibrational levels of CO and electronic 
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Under considered conditions process (2) prevails in the C 
formation (-70%); diffusion is the main loss mechanism of 
atomic carbon. The measured and calculated concentrations 
of the carbon atoms, [C], are presented in Fig.3. It is clear 
that the concentration of C atoms significantly decreases 
when nitrogen or xenon is added to the gas mixture. The 
rate constants for the reactions of C with N2 and N are small 
[4,5] and cannot explain the observed phenomenon. 
However, the NO molecules may appear in the discharge 
plasma, when nitrogen is added to the He-CO mixture. 
These molecules efficiently decrease concentrations of all 
carbon-containing species and particularly the concentration 
of carbon atoms due to the reaction 

C + NO -> products, (3) 
with the rate k3 ~  10"10 cm3/s [5,6]. This reaction may 

CO(v) relaxation. There are several excited electronic states 
of C2 and C20 molecules, even in the vicinity of CO lowest 
vibrational levels, v < 10 - see Fig.4. 

The above considerations gave stimulus to measure 
(and calculate) the concentrations of these species in 
various discharge conditions. 

The initial stage of production of mentioned 
species is generation of carbon atoms, through the main two 
processes 

C0 + e-4C + 0 + e, (1) 
CO + CO(aTl) -> C02 + C. 

(6,5}, (S,ti) 

(2) 

4Mr-/ov 

c/n 
Ali«'' 
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eu) 

v\ 
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LA 
*«/ov a,/*«?* 

:1): 

explain the observed fall of [C] (after N2 addition) but only 
when [NO] > 1012 /cm3. It is worth to note that the NO 
emission was observed in the N2 containing mixtures but 
concentration of NO molecules was not determined. 

Furthermore, the intense emission from C2(d3ri) 
was observed showing a significant overpopulation of the 
sixth vibrational level (in the discharge spectrum one may 
see the so-called "high pressure bands") - see Fig. 5. The 
population of the level v=6 was by 8 -15 times larger than 
populations of lower levels. When some percent of Xe is 
added to the He-CO mixture - see Fig. 5(b), the intensity of 
radiation from the [C2(d

3n, v<6)] levels decreases by factor 2. At the same time the transition from [C2(d
3n, v=6)] falls 

more than 1 order of magnitude. The mechanisms responsible for the C2(d3n, v=6) formation are not clearly understood, 
but it was suggested that the level is populated due to the process of C20 decomposition [7-9]: 

Fig.5. The spectrum of Swan bands of C2(d
3n —>a3n, Av : 

(a) He+7%CO, p=5 Torr, 1=20 mA; 
(b) He+7%CO+4%Xe, p=5 Torr, 1=20 mA - the intensity 
multiplied by 2. 

C + C20 -> C2(dTI, v=6) + CO , 
with the rate constant IQ = 

(4) 
3x10" cm /c [10]. The C20 molecules appear in the discharge plasma due to the process [5,7] 

C + CO + M -» C20 + M . (5) 
Taking into account the measured concentrations of carbon atoms and C2(d3n, v=6) - see Fig. 6, the estimation of [C20] 
may be performed - results are presented in Fig. 7. The [C20] decrease after N2 addition may be explained both by smaller 
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concentration of [C] as well as by fast reaction with NO created in the discharge. Rate constant for this process is again high 
~10"10cm3/s [11,12]. 

The C20 concentration significantly falls also when Xe is added into the mixture. This may be explain by the C20 
decomposition (the dissociation energy for C20 is equal to 2.3 eV) in collisions with the excited metastable xenon: 

C20 + Xe* -> Xe + CO + C . (6) 
Estimations show that the rate constant for this process must be ~ 10"   cm /s. 
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Fig.6. Concentration of C2(d3Il, v=0) and C2(d
3n, v=6) vs 

discharge current He+12%CO, p=15 Torr 
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Fig.7. Concentration of C20 molecules vs discharge current; 
(1)- He+12% CO, p =15 Torr; (2)- He+7% CO, p=12 Torr; 
(3)- He+7% CO, p = 10 Torr; (4)- He+12% CO+10% Xe, 
p=15 Torr; (5)- He+7% CO+4%N2, p=10 Torr; 
(6) He +7%CO +4%Xe. o = 10 Torr 

4. CONCLUSIONS 

The analysis of the presented experimental data shows that the highest vibrational excitation of CO molecules is 
obtained under conditions when the concentration of carbon-contained species is low. This is consistent with the results of 
previous works [13,14], where concentrations of these particles were measured in He-CO and He-CO-02 mixtures. 

Therefore, we conclude that C2 and C20 molecules should be considered as the important catalyst of CO 
vibrational relaxation as well as the serious pollutants of the CO laser mixture. 
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ABSTRACT 

The laser gas of a 700 W CO laser is excited by microwaves and cooled down to room temperature. A mass spectrometer 
controls the supply of 02 and CO and the adsorption of C02 in zeolithe traps. 

1. INTRODUCTION 

The low power CO laser with its high quantum efficiency and the manifold of laser lines is an important coherent light 
source for laser spectroscopy in the mid-infrared spectral range. There are also reports on the studies of industrial 
applications of high power CO lasers. Some advantages in material processing have been shown for the CO laser due to its 
relatively short wavelengths compared with that of the C02 laser. One difficulty for high power CO lasers to be practically 
applied, however, seems to be the necessity of cooling down the laser gas to cryogenic temperature by heat conduction or 
fast expansion. Nevertheless, high power operation of the CO laser at room temperature with reasonable efficiency is 
possible, too. But the optimum working gas mixture is not easy to keep under control with a constant laser power level. The 
aim of the work therefore is to recieve high constant laser power output. The results presented here are gained with a CO 
laser excited by microwaves and cooled by fast axial gas flow in a closed loop. 

2. EXPERIMENTAL SETUP 

2.1. Principle description 

PM Power meter 
MS Mass spectrometer 
M Magnetron 
PU Power unit 
ST Zeolithe sorption trap 
RP Roots vacuum pump 
P Pressure measurement 
C Cooler 

Resonator length: L = 2240 mm 

Curve radius of the reflector: R = 20 m 

Transmission of the output mirror: t = 0,2 

Gas rate of the roots vacuum pumps: 

V = 2-4000 m3/h 

Gas inlet temperature: T,n = 279 K - 281 K 

Gas outlet temperature: T0ut = 373 K - 393 K 

Operating pressure: p = 35 mbar - 48 mbar 

Gas volume: V = 200 1 

Mass spectrometer: 
Quadruvac PGA 100 (Leybold) 
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2.2. Sight of the experiment 

Magnetrons 

23. The microwave resonator 

Gas inlet 

Microwaves 

Gas outlet 

Dimensions of the microwave 
resonators: 
125 mm • 60 mm • 300 mm 

Diameter of the glass tube: 
dL =51 mm 

Diameter at the gas inlet: 
dE = 36 mm 

Length of the glass tube: 
1 = 370 mm 

Magnetron: 
Type YJ1600,6 kW, 
v = 2,46 GHz 

3. PROBLEMS 

Laser output power decays after starting the experiment using a gas mixure with following components: 8,5 % CO, 
7,5 % N2,4,5 % Xe, 79,5 % He. The concentration of C02 constantly rises in the closed system. 
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4. SOLUTION OF THE PROBLEMS 

Measuring absolute gas concentrations with a mass spectrometer over time 
Small, constant input of oxygen 
Regulation of the CO concentration 
Adsorption of C02 in zeolithe traps 

5. EXPERIMENTAL RESULTS 

Mass spectrometer measurements 
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The mass spectra of C02, 02, CO+N2 and C, latter as an indication for the CO concentration are monitored. In the laser 
active medium a small amount of the CO is dissociated or oxydized, so it has to be replaced. The C peak in the mass 
spectrum is used to regulate the CO concentration. The presence of oxygen is crucial for the laser action and is therefore 
refilled with a constant rate. With an optimized rate the mass spectra shows only a very small amount of remained oxygen in 
the laser. C02 produced in the discharge hampers laser action and must be adsorbed in the zeolithe traps. The mass spectrum 
shows the small amount of C02 in the laser. 
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Laser power measurement 
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6. SUMMARY 

High power operation of microwave excited CO lasers at room temperature is possible. Only water cooled heat exchangers 
are necessary. The discharge section is composed of two T shaped discharge tubes with an inner diameter of 51 mm and a 
length of 300 mm. Microwave power is supplied from two 6 kW, 2,46 GHz magnetrons. The laser gas (79,5 % He, 7,5 % 
N2, 8,5 % CO, 4,5 % Xe) circulates driven by two roots pumps in a closed loop. The optical cavity of optical length of 
2240 mm consists of a total reflecting gold coated copper mirror and an CaF2 outcoupler with 20 % transmission. The laser 
output is monitored together with the mass spectra of C02, 02, CO+N2 and C, latter as an indication for the CO 
concentration. Temperature in the entrance and outlet region of the laser tubes, as well as current and voltage of the 
magnetrons, are monitored. The CO concentration is controlled and kept on a constant level. Results show that the 
optimized supply of 02 together with adsorption of C02 in the zeolithe traps yields a constant laser output. 
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Numerical simulation of gas discharge CO laser 
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ABSTRACT 

A mathematical model for gas discharge CO lasers includes vibrational kinetics of CO and N2 molecular species as well as 
the equation for electron energy distribution and gas dynamic equations. The effective method for numerical simulation of 
powerful CO lasers is proposed. 

Keywords: Gas discharge, CO laser, anharmonic oscillators, vibrational levels, numerical simulation 

1. INTRODUCTION 

The numerical simulation of gas discharge CO lasers is of current interest till now. The development of the efficient numeri- 
cal schemes properly describing the processes in CO lasers allows one to search for the optimal conditions for laser operat- 
ing. A mathematical model for gas discharge CO lasers includes vibrational kinetics of CO and N2 molecular species and the 
equation for electron energy distribution function (EEDF). One must also deal with gas dynamic, electric field and induced 
radiative equations. In the present paper the method for numerical simulation of electric CO lasers first proposed in paper1 

has been developed. 

2. THEORETICAL PART 

The anharmonic oscillator model for vibrational levels E„(1) and E„(2)of CO and N2 molecular species has been used: 

En® = E, ® n - AE® n(n-1), j = 1,2, 

E,(1) =3084K,AEO) = 18.7K, E,(2) = 3353K, AE(2) =21.IK (1) 

For about 60 vibrational levels of CO and 50 vibrational levels of N2 molecular species have been considered in calcula- 
tions. The following vibration-vibration (V-V) and vibration-to-translation (V-T) processes were treated for CO-N2 gas 
mixtures: 

CO(n) + CO(m)   o   CO(n-l) +CO(m+l), (2) 

N2(n) + N2(m)   o N2(n-1) + N2(m+1), (3) 

CO(n) + N2(m)   o CO(n-l) + N2(m+1), (4) 

CO(n) + COo CO(n-1) + CO, (5) 

CO(n) + N2 » CO(n-1) + N2, (6) 

N2(n) + CO  o N2(n-1) +CO, (7) 

N2(n) + N2  o N2(n-1) + N2. (8) 
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In addition also He and Ar components were taken into account. It's convenient to define the following vibration distribution 
functions: 

fn=Nn<'VN(,\gn = Nn<2VN<2> (9) 

Then the vibration relaxation in CO-N2 gas mixtures including the induced radiative processes may be described by follow- 
ing set of equations: 

dfn/dt = F„ + (cWn+1 /A„ - oJn/An.,) ■ T/(£,P) = Fn + (pn, dgn/dt = Gn. (10) 

Here Fn and Gn include the V-V and V-T processes, in addition Fn contains the spontaneous radiative terms. T, P are the 
absolute temperature and pressure of gas mixture, whereas £1 is the CO mole fraction in mixture. The parameters In, a„ are 
the intensity and the amplification factor for n => n -1 carbon monoxide radiative transition, An = E„+1

(1) - En
(1). 

One-dimensional vibration not in equilibrium flow of non-viscous CO-N2 gas mixture in plane channel with varying section 
has been treated. In that case one may write the gas dynamic equations as follows: 

pUS = G = const., (11) 

pUdU/dx + dP/dx = 0, (12) 

pU—(CPT + U2/2 + e) = 8W - E   £lPRE ^ Av,v .,fv - £   avIv = <|>, (13) 
dx v=l v=l 

e = R&I   E^fv   +   §21   E(
v
2)gv), (14) 

P = pRT. (15) 

The designations used here are: p the gas density, U the flow velocity, R the gas constant for mixture under consideration, S 
the area of the channel section, G the mass flow, Cp the translation-rotational specific heat capacity at constant pressure, 8 
the part of electric field power W, which enters to translational, rotational and vibrational degrees of freedom of molecular 
species, e the specific vibrational energy. 

The radiative emission equations are written as 

AIn+1-BIn + CIn.i + D = 0 (16) 

with coefficients A, B, C depending on n and D depending on Fn . If laser generation takes place at (n => n -1) transitions, 
1< n < m (natural numbers 1, m are determined in calculations) then the set of eq. (16) is solved by scalar sweep method 
under zero boundary conditions. 

3. NUMERICAL SCHEME 

In general, eq. (10) - (16) must be solved simultaneously. The proposed method of solution actually is a splitting method 
with respect to physical processes. It's reduced to sequential solution of vibrational kinetic, gas dynamic and induced radia- 
tive emission equations. 

Thus the calculations at arbitrary section of resonator are reduced to the following iterative processes. Each global iteration 
includes: 1) determination of vibrational distribution functions fn, gn (at known U,T,P,In); 2) determination of U,T,P (at 
known f„,g„,In); 3) determination of In (at known fn,gn,U,T,P). 

The stages of solution are briefly described below. The semi-implicit difference scheme2 to eq. (10) is applied: 
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It must be taken into account that 

C+1 - C = Ax[0.6(Fn/Uf+' + 0.4(Fn/U)m] + q>n, 

g™+1 - g™ = Ax[0.6(G„/U)m+1 + 0.4(Gn/U)m] 

Fn = AnfntI + Bnfn + Cnf„., +Dn, 

G„ = A*„ gn+1 + B*n gn + C*n gn., + D*n 

(17) 

(18) 

(19) 

(20) 

where the coefficients An , Bn, Cn, A*„, B*n, C*„ depend on f0, fj, ..., fv), go ,gi, ... , gV2- Therefore the sequence of two itera- 
tive sweeps for the solution of a set of non-linear algebraic eq. (18), (19) is used. The iterative scheme is constructed as 
follows. The initial values for f„, gn at layer m+1 are assigned (they may be put equal to the values on previous layer m) and 
the coefficients A„,...,C*n are calculated. Then the eq. (18), (19) are solved by sweep method and the coefficients An,...C*„ 
are recalculated again and so on up to convergence condition is carried out. 

The gas dynamic equations (13), (14) are written as 

dh/dx = MPU), h = CPT + U2/2 + e, 

dq/dx = PdS/dx, q = GU + PS. 

Then the same semi-implicit difference scheme is applied to eq. (21), (22): 

hm+1 -hm =Ax[0.6((t./pU^+, +0.4((j)/pU)m] 

qm+1 - qm = Ax[0.6(PdS/dx)m+l + 0.4(PdS/dx)m], 

(21) 

(22) 

(23) 

(24) 

Bearing in mind the eq. (12), (15), (23), (24), the quadratic equation for Um+I is obtained. One of it's roots refers to surjer- 
sonic flow, while the other one to subsonic flow. Then the values Pm+I and Tm+1 are obtained. The calculation of line intensi- 
ties was described above. 

The similar numerical scheme may be applied to impulse CO lasers. It should be noted also that for two-dimensional gas 
flow the difference scheme becomes essentially complicated. Thus the splitting both on physical as well as on spatial direc- 
tions must be carried out in this case. 

4. RESULTS 

The calculated laser efficiency versus input specific power W is presented in Fig. 1. 

Fig.l. The calculated laser efficiency versus input specific power. The dotted 
curve corresponds to the method of constant amplification factor, the continuous 
neighbour curve - the constant intensity method. The lowest curve - the constant 
intensity method including de-excitation of vibrational levels by electrons. 

W.W/cnT' 
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The mixture CO-N2 ( £, :£2
=1:9) has been considered provided that E/N = 2-10"17 V-cm2 and P = 10 kPa, T = 90 K, U = 70 

m/sec at entry of discharge region. The dashed line corresponds to the constant amplification factor method. The continuous 
neighbour line corresponds to calculations by the constant intensities method. The lowest continuous line - to the constant 
intensity method including de-excitation of vibrational levels by electrons. In the range of input specific powers applied the 
efficiency of the laser grows with increasing W. 

The specific radiation energy Qrad versus input specific energy is presented in Fig. 2. The results correspond to pulse CO 
laser (CO-N2 gas mixture, ^ :£2=1:6, T = 100 K, P = 18.3 kPa at entry). It's evident that both numerical calculations as well 
as experiments3 give the clear linear dependence. 

Qrad, kJ/nr 

150 

Fig .2. The specific radiative energy of pulse CO laser as a function of the input specific energy. 
The continuous curve corresponds to the experiment3, the dotted line - the present calculations. 
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ABSTRACT 

Computer simulation codes for first-overtone CO laser have been developed. The codes are designed to be executed in 
distributed computing environment. Performance characteristics have been analyzed and compared with those of fundamental- 
band CO laser. 

Keywords: computer, simulation, CO laser, fundamental-band, first-overtone 

1. INTRODUCTION 

More than ten tears ago the authors started the development of a series of computer models on discharge-exited 
continuous-wave (CW) CO lasers. The objectives of development were the analyses of experimental results and the 
estimation of a variety of performance characteristics. While the early codes were carried out by mainframe computers, 
successive codes were executed by engineering workstations and personal computers.""101 In the middle of 1990's the 
authors estimated the possibility of first-overtone (FO) CO laser by the modified computer code. The FO CO lasers are 
attractive due to shorter wavelength around 3 micrometers. Recently, detailed experimental and theoretical studies on 
pulsed FO CO laser were reported in Russia.'1'1 The authors have revised the computer code for CW FO CO lasers. New 
series of performance characteristics of CW FB and FO CO lines have been analyzed under the same condition. 

2. KINETICS OF FB AND FO CO LASERS 

For the typical discharge-excited gas lasers, fast direct pumping by 
electron-gas impact is active. As for CO lasers, however, slower indirect 
pumping by vibration to vibration (V-V) transfer is dominant. At lower 
gas temperature the rates of vibration to rotation and transition (V-R/T) 
transfer decrease and indirect pumping increases, as the V-V transfer 
process is exothermic in the pumping direction. Therefore, low 
temperature conditions by refrigeration were required for efficient CO 
laser operation. In order to maintain low temperature, the experimental 
apparatus was complicated and the control and operation were difficult. 
Various progresses in laser technology enabled the high power discharge 
excitation and CO laser operations at room temperature. The experimental 
devices, works, and operations were significantly simplified. Now, CO 
lasers are recognized as high power light source as well as C02 lasers. Fig. 1. Transition of FB and FO CO. 
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The total inversion, where the population in upper v-th vibration level exceeds that in lower (v-l)-th vibration level, is 
impossible for normal CW CO lasers. Only the partial inversion, where the partial population in upper (vj-l)-th rotation 
level exceeds that in lower (v-1 j)-th rotation level, is realized for FB CW CO lasers. Recently in Russia"11, the importance 
of multiquantum V-V transfer processes was pointed out. For pulsed laser operation, where CO molecules are strongly 
pumped by discharge, multiquantum V-V transfer is not negligible. The gain of FO CO laser is much smaller than that of 
FB CO laser due both to the lower emission coefficients and smaller partial population inversion between (vj-l)-th and 
(v-2,j)-th levels. These are the reasons why FO CO lasing is difficult. 

3. COMPUTING PROCESSES 

The computer simulation codes are divided into several modules those are corresponding to kinetic processes. The rate 
coefficients of direct discharge pumping are obtained by BOLTZ, which solves Boltzmann's transportation equations. The 
coefficients of V-R/T and V-V energy transfer are calculated by VRTW, where the newer collision theories are taken into 
account instead of conventional SSH theory. The line factor is obtained by FLINE, where both of Doppler and collisional 
broadening are mixed. Rate equations for gas molecules are solved in EMPACT, WXFER, and VRTXFER. The module 
GAIN calculates the optical emission process and gain of FB and FO lines. If any of gain lines exceeds the cavity threshold, 
LÄSE is also driven to obtain laser radiation. Along with these particle kinetics, FLOW updates the mass flow conditions. 

INPUT 

BOLTZ 

VRTW 

FLINE 

EMPACT 

s WXFER 

VRTXFER 

GAIN 

USE 

FLOW 

OUTPUT 

Fig. 2. Block diagram of computing modules. 

4. IMPLEMENTATION OF CODES 

Most of theese simulation modules described above were 
already implemented in personal computers (PCs), Apple 
Macintosh computers (Macs), and workstations (WSs). The 
dependence on conventional huge mainframe computers 
decreases rapidly. Under the common gateway interface (CGI), 
reported in GCL/HPL '96 in Edinburgh ra, the processes were 
executed mainly by the servers. In the Java programming 
environment, reported in GCL/HPL '98 in St. Petersburg [9], the 
processes were executed mainly by the clients. Now in the year 
2000, to be reported in Firenze, the processes are partially 
distributed to the servers as well as partially distributed to the 
clients. The data and processes are transferred in TCP/IP 
(Transmission Control Protocol / Internet Protocol) in the internet 
and intranet. The operation is input and the results are output 
both by the clients. 

NtnfMC Sample Output affinutUtten 
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Fig. 3. Sample output of simulation results. 
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5. RESULTS OF SIMULATION 

The data of GAIN, LÄSE, and FLOW are transferred from the server to the client, where the digital number formats are 
converted, visualized, and displayed as shown in Fig. 3. The simulation input parameters are set as follows; gas mixture 
ratio CO/N2/He/02 = 6/16/78/0.2, 10/10/80/0.2, 12/26/62/0.2; gas pressure 20 - 60 [Torr]; gas flow velocity 20 - 60 [m s']; 
gas temperature 100 - 300 [K]. The rate coefficients of direct discharge pumping are locally executed by BOLTZ and 
transferred to the server cluster with the other input parameters. 

The results of BOLTZ show that more than 85% of discharge energy is converted to the vibrational energy of CO(v) and 
N (v), 1 < v < 8. Further indirect pumping processes to the upper vibrational levels are given by the collisional V-V energy 
transfer. The results of FLOW show that the gas temperature increase by 50 - 150 degrees while passing though the 
discharge section. When the laser action takes place the gas temperature decreases by 10 - 20 % in proportion to the laser 
power output. 

6. COMPARISON AND DISCUSSION 

The typical results of simulation are shown in Figs. 4 and 6. The horizontal and vertical axes correspond to distance 
along flow and optical gain, respectively. The transverse discharge section is set between x = -1 and 2 [cm]. Is is remarked 
that the gain values of FO are one order of magnitude smaller than those of FB. The FB gain rapidly increases upstream the 
discharge section. The peak gain around 0.03 [cm-1] is large enough to output laser power. The increase in FO gain is 
slower compared with FB gain. Downstream discharge section, FO gain reaches the peak around 0.001 [cm-1] which is 
poor to require the low loss FO cavity conditions. The reflectivity of output mirror for FO laser oscillation should be more 
than 96 %. 

Several years ago, the authors carried out the experiments on CW FO CO lasers. Regrettably, the ideal mirrors for FO 
were not obtained at that time. The realistic mirrors had also the considerable reflectivity around 20 % for FB band. 
Although the experiments repeated with these realistic FO mirrors, several hundred watt strong FB laser output prevented 
us from the FO line observation. In order to analyze the reasons, the simulations have been executed by setting those 
experimental cavity conditions. The corresponding results are shown in Figs. 5 and 7. The other conditions are the same as 
those in Figs. 4 and 6, respectively. The FB gain is fixed to the cavity threshold while lasing. It is noted that the FO gain 
values decrease by 10 % due to the reduction of population inversion by FB laser transition. These results inform us that the 
accurate design of selective mirror is strictly required for CW FO oscillation. 
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Fig. 4. Gain of FB and FO lines, 
CO/N/He/Oj = 6/16/78/0.2. 
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Fig. 5. Gain of lasing FB and FO lines, 
CO/N/He/Oj = 6/16/78/0.2. 
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Fig. 6. Gain of FB and FO lines, 
CO/Nj/He/O., = 10/10/80/0.2. 
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Fig. 7. Gain of lasing FB and FO lines, 
CO/N2/He/02 = 10/10/80/0.2. 

7. SUMMARY 

The performance characteristics of FB and FO have been analyzed by distributed computer simulation. A series of 
calculations on FO CO transitions have been carried out under the same input conditions of FB CO transitions. The 
possibility and difficulty for FO CO lasing have been examined. 
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ABSTRACT 

Sealed-off slab C02 lasers excited by a dielectric barrier discharge are studied. The laser output power is measured at 
excitation frequencies between 0.4 and 0.6 MHz; discharge gaps are in the range 1.6 - 6.0 mm. Due to the scaling laws of 
radio frequency excitation no laser activity should be possible for the laser under investigation. The use of high-frequency 
excitation (0.4 - 0.6 MHz) combined with a dielectric barrier discharge gives the possibility of creating a homogeneous and 
stable C02 laser gas discharge with high laser activity. The excitation efficiency of the all-solid-state generator reaches 
90 %. 

Keywords: Sealed-off slab C02 laser, dielectric barrier discharge, silent discharge, high-frequency excitation, all-solid-state 
generator 

1.   INTRODUCTION 

Most of the C02 lasers operated today use the radio frequency (rf) excitation with frequencies between 10 and 150 MHz. 
One drawback is the high cost of the rf generators which have a relatively low efficiency of 60 %. 

Therefore, low-cost, high frequency (hf), all-solid-state generators with frequencies of about 0.5 MHz are used in the laser 
systems under investigation. The use of a silent discharge with two dielectric ceramic walls enables excitation of such a 
laser with frequencies below 1 MHz. The excitation efficiency of the all-solid-state generator reaches more than 90 %. Up 
until now, hf high voltage was used only to excite fast axial flow C02 lasers.',2,3 This paper describes a high frequency 
excited sealed-off slab C02 laser which is a new candidate of low-cost, compact cw C02 lasers. 

2.   SIMILARITY LAWS FOR RF DISCHARGES 

It is well known that the extrinsic properties of discharges are related according to the similarity laws.4 Thus, in an rf 
discharge, the optimal gas pressure p0 and the optimal generator frequency fD for a given C02 laser gas discharge gap d are 
related according to the similarity laws: 

p0 •rf*240hPa-mm (1) 
/o-rf«280MHzmm (2) 

Po/f0 ~0.86hJ?a-MHz\ (3) 

For smaller excitation frequencies than the optimal generator frequency mentioned in equations 2 and 3, the specific laser 
output power decreases (see figure 3). For rf frequencies below 

/„,,„ = 80 MHzmm/rf (4) 

no laser activity have been measured.5 This is considered to be caused by ion losses in the sheath region of alpha rf 
discharge. 

The thickness ds of this non-laser active sheath region increases with decreasing frequency5'6 because 

</s~15mmMHz/f. (5) 
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From equation 5 it follows that the non-laser active sheath should be ds ~ 25 mm thick at an excitation frequency of 
0.6 MHz, so the calculated sheath thickness ds is much higher than the discharge gap d (for discharge gaps below 6 mm). At 
excitation frequencies below about 3 MHz, there is no rf discharge left. The laser is excited by a dielectric barrier discharge. 

3. DESCRIPTION OF THE SEALED-OFF SLAB LASER 

A schematic diagram showing the construction of the slab laser excited by a dielectric barrier discharge is shown in figure 1. 
The alumina plates between the electrodes are used as dielectric barriers.7 For small discharge gaps, the dielectric barriers 
also provide waveguiding. Quartz glass sidewalls are used for photographic and spectroscopic monitoring of the laser gas 
discharge. The electrodes have an area of 540 x 12 mm2; discharge gaps of 1.6 mm, 2.0 mm, 2.5 mm and 6.0 mm are 
investigated. The excitation frequency of the all-solid-state generator depends on the capacity of the electrode configuration 
and varies between 0.4 and 0.6 MHz. About 90 % of the source power is transformed into the discharge power. A silicon 
back mirror with a reflectivity of 99.7 % and a curvature of 2 m and a plane ZnSe output resonator mirror with 5 % 
transmission have been employed. The cavity is 0.703 m in total length including a mirror/waveguide separation of 1.5 mm 
on each side. 

total reflector 

high voltage 

copper elektrodes 

cooling water 

■a cooling water 

quartz glass 

alumina 

\ 
partial  reflector 

Figure 1: Schematic diagram of a hf excited slab C02 laser. 

4. DIELECTRIC BARRIER LASER GAS DISCHARGE 

Photographs of the laser gas discharge with an exposure time of 400 ns prove that the homogeneity of the discharge is 
excellent.8 The electron temperature was determined by spectroscopic measurements of the laser gas discharge. The electron 
temperature is nearly constant versus discharge height. Average electron temperatures of 10.700 K for a discharge gap of 
6 mm and 16.400 K for a discharge gap of 1.6 mm were measured.8 

5. LASER OUTPUT POWER 

The laser power was measured in a sealed-off operation and the power stability was determined to be between 2 and 4 % 
over an operation time of 1 h. The mean laser power did not decrease within 1 h, so that the dissociation of CO2 seems to be 
constant over this time interval. A stable laser gas discharge can be created at remarkably high input power densities of 
more than 20 Wem"3 and 200 Wem"3 for a discharge gap of 6 mm and 1.6 mm, respectively. Figure 2 shows the laser 
efficiency of the slab C02 laser excited by an all-solid-state 0.6 MHz generator versus the electrical input power density for 
a discharge gap of 6 mm. In a comparable laser system with a discharge gap of 6 mm excited by an rf discharge, maximum 
electrical power densities of 4 Wem"3 at an excitation frequency of 13.6 MHz and 8 Wem"3 at 27.1 MHz have been reached. 
The specific power of the laser is only limited by thermal conductivity and not by the onset of discharge instabilities. Even 
the optimal gas pressure can be increased by high frequency excitation compared to radio frequency excitation (see 
equations 1 and 3).7 
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There is a potential to improve the laser efficiency of figure 2. Taking into account the high efficiency of the low-cost 
0.6 MHz generator of about 90 %, the sealed-off slab C02 laser excited by a dielectric barrier discharge is a new candidate 
for an efficient C02 laser. 

Compared to the C02 waveguide laser, the cooling of the slab laser (see figure 1) is only half as efficient because there are 
only two walls involved. The heat that can be extracted from the laser gas can be calculated from the heat diffusion 
equation. Assuming a laser efficiency of 10 % and a maximum gas temperature of 500 K, the specific laser power PL/A can 
be estimated for a discharge gap d as7 

PL/A*3 Wem2 mm/d. (6) 

In figure 6, the measured specific laser power for 1.6 mm, 2.0 mm, 2.5 mm and 6.0 mm are compared to the 1/d-scaling law 
(equation 6). The lasers with a discharge gap of 1.6 and 2.5 mm have been not optimized up to now. A higher laser output 
power and a higher laser efficiency can be expected by reducing the waveguide coupling losses, by using a better alignment 
of the optical axis relative to the waveguide, and by using additional minor cooling. Therefore the specific laser power did 
not reach the calculated values of the 1/d-scaling law. A maximum laser output power of 49 W has been measured for a 
discharge gap of 6 mm corresponding to a specific laser power of 0.75 Wem"2. This value is a little bit higher than the value 
0.5 Wem'2 calculated by equation 6. Therefore, the specific power of the laser is only limited by thermal conductivity and 
not by the onset of discharge instabilities. 

input power density [\Afcm"3] 

Figure 2: Laser efficiency as function of input power density for a 6 mm discharge gap at a gas pressure between 40 and 100 hPa 
(He:N2:C02 = 60:34:6) 

5. CONCLUSION 

The use of hf excitation (0.4 - 0.6 MHz) combined with a dielectric barrier discharge gives the possibility of creating a 
homogeneous, stable C02 laser gas discharge. The optimal gas pressure and the input power density can be increased 
compared to rf excitation. The laser is only thermally limited and not by the onset of discharge instabilities. The efficiency 
of the all-solid-state generator used to excite the dielectric barrier discharge reaches 90 %. 

Experimental results show that the sealed-off slab C02 laser excited by a hf dielectric barrier discharge is a promising 
candidate for a low-cost, commercial, high-power C02 laser for material processing. 
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Figure 3: Specific laser power PL/A as a function of discharge gap d (The results of hf excitation are compared to those of rf excitation 
with different excitation frequencies.) 
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High peak power C02 planar waveguide lasers for direct high resolution 
machining 
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R.J. Ramirez, Q. Cao, D.R. Hall 
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ABSTRACT 

The peak power and gain available from the RF excited planar waveguide C02 laser has been enhanced for pulses in the 10 to 
100 [is range at pulse repetition rates up to 4 kHz. The specific peak power output for unit electrode area has been enhanced 
to a value of 240 kW.m . Relative to cw, the small signal gain coefficient has been pulse enhanced by a factor of 7 to 2.5 m"1 

Keywords: planar waveguides, carbon dioxide lasers, gain measurement, gas discharges. 

1.   INTRODUCTION 
Conventional carbon dioxide lasers, either DC or RF excited, provide pulsed laser operation at high power for pulse lengths 
longer than 100 us using pulsed modulation of the discharge. TEA C02 lasers readily produce much higher peak power in 
the 1 to 5 us range. The pulse duration region between these two is of current interest, particularly for micro-machining 
applications of dielectric materials such as plastics, thermoset resins and glass where the material is naturally a strong 
absorber at the appropriately selected C02 laser wavelength. For such materials, the TEA laser generally has too much 
energy and peak power per pulse to be used in the direct writing mode, and often does not have the necessary beam quality. 
The high power density produced above the work-piece at the normal energy iluence for laser ablation creates a plasma in 
the ablation plume, modifying the coupling of power to the surface of the material. For pulses longer than 100 us, heat 
conduction into the substrate produces much deeper melt and heat affected zones and reduces the peak surface temperature, 
so that the material ablation rate is lower. However in the pulse length T =20-50 us region, the heat penetration depth (4K7)'

/2
, 

calculated with the typical values of thermal diffusivity K for poor thermal conductors is often comparable to the absorption 
depth of the incident light. As an example of this, we have reported experiments on ablation of silica glass in which material 

removal by evaporation can be maximised at pulse 
lengths in the 20 to 30 us range [1]. This avoids an 
explosive melt-ejection process caused by the higher 
ablation pressure with shorter pulses. 

Commercial RF excited planar waveguide lasers are 
commonly used in pulsed mode, offering a compact 
sealed-off laser source ideally suited to micro- 
machining processes, such as via drilling in pcb 
manufacture, but with pulse lengths currently 
>100 us. In this paper, we report the extension of 
the capabilities of the planar waveguide C02 laser to 
produce greatly enhanced peak power pulses in the 
required time window, whilst maintaining high 
average power and high repetition rate [2] 

2.   SCALING PARAMETERS FOR HIGH 
PEAK POWER OPERATION 

Planar waveguide C02 laser operating under long 
pulse and cw conditions optimise at pressures of 
typically p = 80 torr with an average input power 
density 1^=40 to 50W.cm"3. These conditions 
represent the limitations on the power dissipation in 

Temperature rise 
Low frequency pulsing 

High frequency pulsing 
(Pressure independent thermal 

conductivity) 

Thermal mass oc p 
Input energy density W.Txp 
Average power «/ p 

Average power W.T.f= const. 

Thermal response time 
(typically 1 to 2 ms for 

a= 1.9 mm) 
T = 0*/4K xp 

Oscillator response time 
(also depends on W, T,/due to 

C02 dissociation) 
N2, CO -» C02 energy transfer 
time oc \lp 

Gain coefficient Stimulated emission cross- 
section oc Up 
Gain lifetime oc \lp 

Table I. Scaling parameters for pulsed laser operation 
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the discharge channel, balanced by thermal conduction to the electrodes creating an axial temperature rise in the 300 K 
region. At higher temperatures the C02 gain medium becomes inefficient. In scaling the peak power of the laser, this 
temperature rise is the ultimate limiting factor, but technically, a lower limit may be set by discharge non-uniformity, 
instability and subsequent damage to the electrodes and optics. 

Table I summarises the main variables of pressure/?, power density W, pulse width T, and pulse frequency/available for the 
scaling of peak power, and lists some of the interrelations. At low pulse rates, a RF excited laser behaves similarly to a TEA 
laser in that the thermal mass of the gas in the discharge channel, proportional to pressure, sets the maximum pulse energy 
input per pulse. Using high peak RF power, Brown et al. [3] have investigated this region for a large slab discharge cross 
section (6x11 mm2) obtaining 150 mJ pulses with 50 us duration, and 1.5 W average. Applying the same techniques to a 
planar waveguide laser, Dutov et al. [4] have reported similar pulse energies, again at limited pulse repetition rates and 
average power. In these experiments, the laser gas is cooled by conduction to the electrodes between pulses. The waveguide 
format of C02 laser has the advantage that the narrow gap gives a high rate of cooling, so that pulsing in the energy limit can 
be at high pulse rates, without the gas flow necessary for conventional TEA C02 lasers. The thermal response time r = a2

/4K 

for a slab shaped medium is x « 1.5 ms for the normal 80 Torr gas mixture, rising to -2.2 ms for the higher pressure mixture 
used for enhanced pulsing, for a =1.9 mm in our laser. For a pulse repetition period less than the thermal relaxation time, the 
gas temperature falls only a little between pulses, and the average temperature rise and average power input becomes the 
same as for cw operation. This limit is independent of pressure through the relatively fixed thermal conductivity of the gas 
mixture. In this paper we report reaching this average power limit for high peak power pulsing at pulse frequencies above 
500 Hz. 

Increasing the pressure of the gas can have an advantage at all pulse rates, in that the upper power density for discharge 
stability (the so-called a to y transition) scales with pressure. In addition the rise and fall time of the laser pulse is shorter at 
high pressure, facilitating the production of short pulses. However, these advantages are balanced to some extent by the fall 
in the stimulated emission cross-section with pressure. However, as will be shown in section 4, gain can be maintained at a 
high value up >200 torr working pressure. 

3.   ENHANCED PEAK POWER LASER 
The laser used for enhanced pulse operation is shown in 
Fig. 1. This is based on a standard, well-characterised 
design for a 100 W average power output laser, 
operating with a 2 kW peak, 1 kW average RF power 
supply at 81 MHz. In conventional operation, using an 
initial fill of 80 Torr of a 3/1/1 mixture of He, N2, 
CO2, plus 5% additional xenon, the laser can achieve 
peak powers of 300 W in 150 us pulses. The resonator is 
the standard unstable type with a lateral magnification of 
1.14, giving a beam quality after circularisation and 
clean-up of A/2 <1.2. By using this laser as baseline 
reference, a clear measure of the pulse enhancement can 
be obtained. For enhanced pulsing, the laser is adapted to 
run with a 25 kW cw power supply at 125 MHz, using 
pulse modulation capabilities to provide low duty factor 
operation with a maximum average power input < 2 kW. 

Pube 
modulator 

25 kW 
RF generator 

125 MHz 

Electrodes 
40 x 365 mm2 

1.9 mm waveguide gap 
Resonator 

Negative branch confocal unstable 
R1 = 430 mm  R2 = -377 mm 

Fig. 1. Details of laser structure used for enhanced pulse study. 

The  enhanced  pulse  experiments  have  covered  the 
following parameter space: pressure up to 220 torr, mixture variations between 1:1:1 and 1:1:7, peak power to 23 kW, RF 
pulse width in the range 15 to 120 us and pulse repetition frequency up to 4 kHz. Fig. 2 shows typical enhanced pulses [2] 
using a 200 Hz pulse rate and 20 kW peak power with 180 torr of 1:1:3 C02:N2 ;He +5%Xe. A peak power of 3.5 kW is 
achieved in the 20 to 50 us range. The discharge remains stable for these conditions up to an input power density of 860 
W.cm"3. The longest pulse in Fig.2 shows roll-over of the laser efficiency as the gas temperature approaches the maximum 
for CO2 laser operation. However the efficiency remains high out to 120 u,s. 

The laser has been operated in the enhanced pulse mode over a wide range of conditions summarised in Table II at pulse 
rates up to 4 kHz. The results at 200 Hz are typical of the low frequency pulsing regime listed in Table L, in which the gas 
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100 

Fig.2. Laser pulses using 20 kW peak RF 
input power at 180 torr. The RF pulse widths 
are indicated. 

cools nearly completely between pulses, with the energy limited by the 
temperature rise within a pulse. At 120 us pulse width, this limit causes 
the efficiency to fall as is evident from Table II and Fig. 2. For 1 kHz 
pulsing, the laser operates in the high frequency limit set by thermal 
conduction, and an average power somewhat larger than the normal 100 
W cw level is obtained. At 1 kHz and below, the thermal limit occurs 
before the a to y instability at the presently available peak power. In the 
region of 2 kHz, the laser is subject to discharge instability, caused by the 
density variations in the acoustic standing wave generated by pulsing at a 
rate near the lateral resonant frequency of the gas in the discharge 
channel. Enhanced pulsing is possible, but at much more limited energy 
than at lower frequency. However, significant pulse enhancement can be 
obtained again at 4 kHz and above without discharge instability, but in 
this case the allowable input pulse energy is much reduced by the average 
power limit. 

The minimum useful laser pulse width is determined by the rise and fall 
time of laser oscillation, as apparent in the 12 us pulse in Fig. 2. We have measured the variation of the fall time with 
pressure and mixture for a static gas fill that has reached dissociation equilibrium [2]. As may be expected from the storage 
of vibrational energy in the N2 and CO molecules followed by energy transfer to C02, the response time decreases in relation 
to the partial pressure of C02 in the mixture. Atp=200 torr, the response time is fast enough for 10 us FWHM laser pulses to 
be produced at high peak power. 

Pulse rep. rate 
and 

pressure 

RF Pulse 
duration 

(us) 

Peak power 
input (kW) 

Output peak 
power (kW) 

Input energy 
(J) 

Output 
energy (mJ) 

Efficiency 
(%) 

Average 
output 

power (W) 

200 Hz 

180torr 

20 

50 

120 

20 

20 

20 

3.0 

3.2 

3.0 

0.4 

1.0 

2.4 

48 

125 

235 

12 

12.5 

9.8 

9.5 

25 

47 

1kHz 

170torr 

20 

50 

120 

19 

19 

19 

2.8 

2.5 

1.7 

0.38 

0.95 

2.28 

37 

83 

133 

10 

8.7 

6.6 

37 

83 

133 

4kHz 
170 torr 

40 19 1.35 0.76 35 4.6 140 

Table II. Summary of high average power operating conditions. 

4.   ENHANCED PULSED GAIN COEFFICEENTS 
The small signal gain coefficient of the C02 planar waveguide laser has been measured by Cao et al. [6] to be 0.35 m"1 at 80 
torr pressure, under the normal conditions of a cw laser oscillator. The gain is also found to decrease with increasing input 
power, partly as a result of the increasing gas temperature. In the enhanced pulse mode, conditions exist where the much 
higher peak discharge power can be used without significant gas temperature rise, and here the gain is expected to increase 
with input power. Higher gain relative to the fixed waveguiding loss and the loss associated with coupling between mirrors 
and waveguide will enhance power extraction in both amplifiers and oscillators. To illustrate this, a pulse gain measurement 
has been carried out on an identical structure to that in Fig. 1, but excited by a 10 kW, 81 MHz power source. The output of a 
line tunable, conventional C02 laser with ~1 W output has been mode-matched to the fundamental mode of propagation of 
the planar waveguide, and single-pass gain measured, using a fast thermopile detector with sub-microsecond response. 

Fig. 3 shows measurements for 100 us RF pulses, using varying pressures of the standard 3/1/1 mixture of He, N2, CO2, 
plus 5% additional xenon. The measurements are made under conditions where there is only moderate gas heating within the 
pulse and complete cooling between pulses. A peak gain coefficient of up to 2.4 m"1 is obtained at 80 torr, approximately 7 
times that of equivalent cw operation. Surprisingly, the gain does not fall as/?"1 as might be expected due to the scaling of the 
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50 torr 

SO torr 

120 torr 

160 ton- 

stimulated emission coefficient, and high gain is available beyond 
p= 200 torr. However, the gain lifetime does behave as expected, 
in that the fall of gain is approximately a decaying exponential 
function after the end of the RF pulse, with a time constant 
inversely proportional to pressure. This reflects the increase 
quenching rate for stored vibrational energy with pressure. More 
work is needed to investigate higher pulse rates where increased 
C02 dissociation and gas temperature rise both will reduce the 
available gain. 

100 200 

Time (p,s) 
300 400 

5.   CONCLUSIONS 
The work reported here has extended the enhanced pulsing 
operating regime of the C02 waveguide laser to high pulse rates 
and an average power exceeding that of conventional operation. 
At 1 kHz, pulse energies similar to that in conventional operation 
is now available in the i0 to iÖÖ u.s range. Stable discharges have 
been obtained at power densities up to 860 W.cm"2 and the 
specific power output of the 1.9 mm gap planar discharge is 

increased to 240 kW.m"2. The "super-pulsing" ratio of peak to average power is increased from the conventional value of <3 
to 35. As this performance is obtained Under seäled-öff conditions, there are good prospects for the adoption Of this operating 
mode for many materials processing applications, particularly for polymers, glass and ceramic. The high gain coefficient 
under pulsed conditions may also make the technique useful for power amplifiers in coherent laser radar systems. 

Fig. 3. Time-resolved small signal gain coefficient 
(10 P16 transition) for 10 kW peak, 100 \is pulses at 

200 Hz rate. 
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ABSTRACT 

For a kW annular diffusion-cooled laser, we tested the possibility of using the electrodes directly as waveguide wall . 
We considered dielectric and metallic spacers. Electric field distribution calculations and   preliminary experimental 
results are presented. 
keywords: gas lasers, carbon dioxide lasers, diffusion cooled lasers, annular lasers. 

1. INTRODUCTION 

The annular geometry has always been representing a promising alternative to the slab format, already well 
established in the market of high-power diffusion cooled C02 lasers'11. Eventually this solution leads to a higher 
cooling surface to global volume ratio. In spite of that, most attempts to adopt the annular format have, up to now, been 
frustrated by some construction difficulties inherent to this geometry. Problems are mainly related to two aspects: firstly 
the discharge system is more compact but less accessible putting some limits to the attainment of a uniform plasma 
excitation. Secondly, a reasonable optical resonator, capable of efficiently extracting a good beam from the annular gain 
region, has not yet been totally established. 

Interesting solutions are now being found to both these kinds of problems. We already reported in the past 
conference of this same series, on the fruitful adoption of a Talbot resonator for the narrow annular gain region, together 
with the disclosure of a powerful method for re-shaping the extracted field distribution'21. 

Talbot cavities have been mainly applied to diode laser arrays but they proved successful for C02 waveguide lasers 
as well, both in array or slab schemes. In this latter case, they consist in a conventional guided resonator with a periodic 
spatial filter inside the cavity, selecting a single lateral mode (or at least a frequency-degenerate reduced family of 
them). The selected mode is equivalent to a high order mode of the waveguide, i.e., a multilobed emission. We modified 
this concept to suit the annular geometry. 

On the other hand the attainment of a uniform plasma generation has been approached in the past by means of 
electrodes sectioning, either longitudinal'31 or transversal'41. We followed the first solution constructing some sample 
discharge units based on a split external electrode. In Ref.3 this solution brought to a pretty high multimode specific 
power extraction (16.8 kW/m2), but it involved the use of a ceramic outer wall of the discharge channel. This 
construction appears hardly feasible for high power systems needing large electrode surfaces. Clearly in this case one 
should be able to machine large ceramic pipes with relatively tight tollerances, both for good waveguide optical 
properties and for a good thermal coupling with the cooled metallic electrode surfaces. We tested the possibility of 
having the metallic external electrodes directly acting as the outer wall of the waveguide. In this case the two split 
electrodes determine a discontinuous waveguide wall, but this effect can be maintained reasonably small. We 
considered both configurations with dielectric spacers between the external electrodes and configurations with metallic 
spacers. Two-dimensional electric field distribution calculations were performed to investigate the possibility of plasma 
generation also in the regions confined by the spacers. We report on the results of these numerical simulations and on 
the preliminary experimental results obtained on our discharge modules. 

2. THE SPLIT ELECTRODE SCHEME 

The longitudinal sectioning of the external electrode allows the adoption of established techniques devoted to the 
attainment of a uniform discharge excitation, such as those using terminating or resonating external inductors' . In this 
way the two halves of the external electrode are connected to the RF driver and the internal electrode is floating. As a 
consequence the external cylindrical surface must have an electrical discontinuity, while it is preferable from an optical 
viewpoint to maintain the guiding walls as uniform as possible. With these conditions in mind we experimented two 
solutions making use of different external electrode spacers. 
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In a first case we used dielectric spacers ( A1203 

ceramic) and in a second case we adopted metallic 
spacers hold by ceramic blocks. In this case the metallic 
spacer must be kept a few tenth of millimeters away 
from the electrodes in order to allow only 
displacement currents to flow in the separation 
regions.   A  schematic  drawing  of this  construction 
scheme is shown in Fig.l. 

Fig. 1: Schematic drawing of external split electrode with 
metallic spacers. 

3. NUMERICAL MODELING OF THE DISCHARGE 

The design of the correct spacers presents some difficulties. Indeed the spacers shunt the discharge channel, thus their 
electrical behavior must be carefully evaluated. To do this we performed numerical computations of the discharge 
behavior making use of a two-dimensional finite difference electrostatic field simulator corrected to include the effect 
produced by electrodes sheaths regions, i.e. regions affected by electron depletion161. Following the results obtained in 
ref.[6] we assumed the effect of electron attachment as being mainly that of producing a higher electrostatic field in the 
charged regions. We took this effect into account considering a higher dielectric constant in the proximity of solid 
boundaries (either metallic or dielectric). 

The crucial points of our studies are related to the electric field behavior in the regions around the spacers . Here we 
have to obtain two conditions: firstly we do not want dark regions in the annular discharge channel, thus we need a 
reasonably high field intensity also in the volume between the spacers and the internal floating electrode. Secondly we 
do not want plasma spillover, that is the excitation of a discharge external to the annular channel. This means that we 
have to shape the spacers in such a way that the field equipotential lines are sufficiently spaced apart or that field lines 
close between solid boundaries with a long path in gas filled regions out of the annular channel. Fig.2 shows typical 
results of our simulations in the case of metallic and dielectric spacers. 

Metallic spacers Aurrina spacers 

Fig.2 Electric field equipotential lines in the case of metallic spacers or ceramic spacers 

Given this electrostatic field distributions and considering typical threshold condition for the stability of an RF alpha 
discharge we can mark sites in our simulations where the plasma exists and study its modifications consequent to 
electrodes or separators shape modifications. 
Fig. 3 Reports examples of this functionality of our software . In this figure changes in the discharge spillover are 
evidenced correlated with changes in the shape of alumina spacers length. 
Analogous considerations can be done for the case of metallic spacers. As well as the same parametric study can be 
done to find conditions for a reduced dark region in the separators vicinity inside the discharge annular channel. 
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Fig.3: Numerical modeling of the plasma formation inside and outside the annular discharge channel varying the spacers geometry. 

4. EXPERIMENTAL SYSTEMS AND RESULTS 

Two test discharge modules, based on the two electrode formats numerically studied and presented in the previous 
sections, have been constructed and tested. The modules are characterized by a discharge channel external diameter of 
49 mm and discharge gaps varying from 1.5 to 2.2 mm. Discharge gaps are easily changed in this geometry, simply 
changing the outer diameter of the inner floating electrode. For these experiments we limited the discharge length to 
150 mm. 

We tested different discharge conditions always in a 
standard 1:1:3 C02,N2,He gas mixture. Pressure varied 
between 30 and 120 mbar and RF power density 
between 7 and 55 W/cm3 . Consistently with our 
expectations and with the predictions of our numerical 
modeling the dark region extension in the discharge 
channel varied with pressure, power density loading 
and spacer geometry. Precisely, we could reduce this 
extension reducing the gas pressure, rising the power 
loading or reducing the spacer-thickness to channel- 
gap ratio. Of course this last parameter cannot be 
lowered indefinitely since its excessive reduction 
brings to the discharge spillover and eventually to the 
localization of the discharge in the vicinity of the 
external electrodes separation only. Our preliminary 
parametric study   brought us to the identification of 
geometries capable of maintaining a stable discharge 

Fig.4: Experimental discharge module with metallic spacers. ^.^ Qr evgn cancded dark regions in ^ 
A reasonable discharge filling of the region between spacer b Qf .^^ 
and internal electrode is shown m coexistence with a limited ™, 5. .• . A-tr   ■ ^A 
discharge spillover in regions external to the annular channel. for the construction of high power diffusion cooled 
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C02 lasers, as evidenced in Figs. 4 and 5. At the moment we have obtained uniform discharges at a 40 W/cm power 
density level in a 1:1:3 mixture at 120 mbar using metallic spacers and at a 50 W/cm3 in the same mixture at the same 
pressure using ceramic spacers. The discharge in a module with metallic separators is shown in Fig.4, whereas Fig.5 
shows details of the ceramic-separated discharge module. In this figure a low pressure discharge is shown where 
significant plasma spillover is visible. 

■s-^J 

v 
■" t5 

im 

\M 

Fig.5: details of the discharge module with ceramic spacers. 

5. CONCLUSIONS 
In conclusion, we have shown the possibility of obtaining stable and uniform RF discharges in an annular channel 

with an external split electrode directly providing the waveguide outer wall. Reasonable results were obtained both in 
the case of metallic and ceramic spacers. We succeeded in obtaining working conditions in which the dark regions 
inside the annular channel were limited or totally canceled without producing large plasma spillover. 

This solutions enable the construction of extremely compact and cost-effective high power diffusion cooled C02 

lasers. 
With the power density loading level we have obtained so far, the construction of a 1.5 kW laser is feasible with a 

discharge 70 cm in length and 6 cm in outer diameter. 
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High modulation rate, microsecond pulses for micromachining 
using a planar waveguide C02 laser amplifier 
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ABSTRACT 

A 7-pass, master oscillator and power amplifier C02 laser system is reported using planar waveguide structures. An acousto- 
optic modulator between oscillator and amplifier is shown to introduce thermal lens effects that modify the mode-matching. 
Amplification of pulse bursts at 50 kHz in cw gain is presented, and gain saturation and recovery effects are demonstrated to 
pulses at a modulation rate up to -550 kHz. 

Keywords: planar waveguides, carbon dioxide lasers, acousto-optic modulation, laser amplifiers, gain measurement, gas 
discharges 

1.   INTRODUCTION 
C02 laser pulses at high repetition rates, in some cases in excess of 200 kHz, are required for fast, high resolution 
processing applications, such as engraving, scribing, perforating and so on. In addition, a combination of short laser pulses 
(1 to 20 us) and enhanced peak power levels is preferred to achieve high processing efficiency with minimised heat-effected 
zone effects relative to conventional long pulse C02 lasers and reduced plasma screening effects relative to TEA C02 lasers. 
Laser pulses that satisfy such requirements are currently not achievable by direct modulation of DC or RF discharges. 
However, the master oscillator and power amplification approach has been shown to be appropriate by allowing the addition 
of a separate modulator between oscillator and amplifier. For example, Wheatley [1] has reported a MOPA system that uses 
a 12-leg, DC-excited, slow-flow amplifier and two AO modulators, producing microsecond pulses with full modulation 
depth at pulse rates in excess of 200 kHz and an average power up to 1 kW. This system is optimised for print roll 
engraving. 

The planar waveguide format of C02 laser is attractive for MOPA systems because such devices operate in a true sealed-off 
mode at higher pressure than the slow-flow DC excited systems, enhancing the response time of the amplifier. The devices 
are compact and offer high power, near-diffraction limited beam quality and low running cost. Recently, we have carried out 
extensive development of MOPA systems using planar waveguide structures for both average and peak power enhancement 
and short pulse operation (<50 us). A number of key issues have been studied, such as mode-matching between planar 
waveguides [2], control of parasitic oscillations [3], parametric gain characteristics [2] and so on. Here, we study acousto- 
optic modulation as the pulse forming mechanism, address the thermal effects in the AO modulator to laser beams passing 
through it, and discuss how to accommodate beam distortion in beam coupling to the amplifier. Then, we describe the 
configuration of a 7-pass, planar waveguide AOM/MOPA system and present the preliminary results on the amplification of 
high modulation rate pulses. 

2.   ACOUSTO-OPTIC MODULATION OF BEAM FROM A PLANAR WAVEGUIDE LASER 
Acousto-optic modulators are ideal devices for fast switching (<1 us) of laser beams with convenient intensity modulation 
capability through the control of RF drive power. At the 10.6 urn wavelength, current commercial AO modulators are made 
from germanium crystals and are limited in laser power to only 100 W because of the well-known thermal runaway effect in 
this material. Below this limit, thermal effects occur due to the non-uniform distribution of refractive index generated by 
absorption of the laser light, giving power dependent thermal distortion of the beam passing through the AO modulator. The 
beam distortion may be eased to some degree through the use of larger beam size in the AO modulator to reduce the power 
density. However, there is an upper limit to the beam size caused by the variation of the scattering efficiency as the beam 
exceeds the volume of the acoustic wave in the crystal, producing a second form of beam distortion. In addition, a large 
beam size lengthens the acoustic transit time and reduces the modulation bandwidth. In this section we consider these 
effects on the mode matching condition between oscillator and amplifier. 

Fig. 1 is a schematic of the set-up used in the MOPA system reported here. The planar waveguide laser oscillator is a 
commercial device, producing an average output power up to 100 W in pulses with a peak power up to 300 W, dependent 
on the discharge conditions. The beam produced by the oscillator has a propagation parameter (M2) -1.1 in the transverse 
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direction and -1.2 in the lateral 
direction (after beam clean-up). 
The germanium AO modulator, 
from NEOS, is water-cooled with 
an allowed incident power up to 
100W, driven by a 27 MHz RF 
source giving a diffraction 
efficiency up to 75%. The AO 
modulator is positioned 350 mm 
from the laser exit, where the 
natural divergence of the oscillator 
beam gives a beam size of 4-5 mm 
in   both   directions   within   the 

Transverse 

Laser oscillator 

Electrode gap: 1.9mm 

long pulse or cw <100W 

Lateral 
axis 

Zero order diffraction 

First orde r d iffraction 

Single crystal 
germanium 

(NEOS 37027-X) 

Piezoelectric   _JLnjUL_ 
transducer 

RF drive power 
0-30 W peak, 27MHz 

Fig. 1. The use of an acousto-optic modulator to produce high modulation rate laser pulses 
from a long pulse or cw incident beam 

germanium crystal. This leads to a transit time of 0.6~0.8u,s for the AO modulator having an acoustic velocity of 5.5mm/Lis, 
limiting the pulse duration of the diffracted beam to larger than ~1 LIS (FWHM). The optical signal deflected by the AO 
modulator is frequency shifted by 27 MHz away from the natural line centre of the COz laser line. However, this detuning 
has little effect on the subsequent amplification as the waveguide amplifier has a wide bandwidth of 400-500 MHz for 
typical pressures of 80-100torr [4]. 

The zero order diffracted beam is blocked by a power dump and the first order diffraction is designated as the probe beam 
for the amplifier. As anticipated, thermal effects are observed, which result in beam distortion and complicate the beam 
coupling process to the amplifier. These thermal effects are seen to be dependent strongly on the laser power incident to the 
AO modulator, whilst the effects induced by the RF drive power are observed to be relatively insignificant. Fig. 2 shows the 
variation of the far-field beam profiles of the first order diffraction. In the transverse direction, the beam becomes less 
divergent in the far-field with increased laser power. For laser powers of 10 to 30 W, the equivalent focal power of the 
thermal lens is estimated as 1100-1200 mm and the beam quality degradation is measured to be -10%. In the lateral 
direction, however, the thermal effects appear to be less significant, perhaps because of the larger lateral dimension of the 
crystal relative to the transverse dimension, leading to a smaller lateral temperature gradient. Consequently, the overall 
beam distortion corresponds to generation of an elliptical wavefront. 

-5 0 5 10 -10 -5 0 5 

Far-field angle (mrad) Far-field angle (mrad) 

Fig. 2 Variation of far-field beam profiles due to thermal effects in the AOM dependent on laser power 

3.   CONFIGURATION OF THE AOM/MOPA SYSTEM 
Fig. 3 shows a schematic of the MOPA system incorporating an AO modulator for pulse forming, which is positioned as in 
Fig. 1 relative to the laser oscillator. The power amplifier consists of a 95x770x1.75 mm3 planar waveguide, and is driven 
by a 81 MHz RF power generator with variable duty factor pulsed discharges. A pair of mirrors from a positive branch 
unstable resonator, positioned off-axis, are used to give a 7-pass, multi-fold beam path within the waveguide, with a gain 
length of -5.39 m. The amplifier vessel is filled with a standard gas mixture of He(3):C02(l):N2(l)+Xe(5%). A fast 
thermopile of a response time <1 us is used to measure the temporal laser pulse profiles. For some discharge conditions 
giving the highest gain, parasitic oscillation is observed. This has been eliminated by using two masks on the resonator 
mirrors [3] which match the desired beam path. The optical system in Fig. 3 has been developed to couple the beam to the 
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7-pass planarwaveguide amplifier 
(770 mm x 95 mm x 1.75 mm) Input 

Fig. 3    Schematic diagram of the AOM/MOPA system 

amplifier in the presence of the AOM 
thermal lens.  An aperture near the 
focal plane between the two curved 
mirrors, both tilted vertically, cleans 
the beam in terms of side-lobes. The 
optical system is laterally telecentric, 
with   a   magnification   of   1.66   to 
provide   a   suitable   beam   size   and 
divergence  to   facilitate  the   7-pass 
beam folding within the waveguide 
amplifier. In the transverse direction, it 
is designed to give the correct beam 
waist and position at the amplifier 
input to provide waveguide mode-matching. To cope with the thermally induced beam distortion, this optical system allows 
adjustments of the mirror positions and tilt angles to vary the beam parameters to some degree at the input of the amplifier 
to accommodate the variations of the beam parameters with different laser powers. In the experiments, near perfect mode 
matching has been achieved for an oscillator power of 40-50 W by setting a transverse beam waist of 0.60 mm at the input 
plane of the amplifier waveguide. 

The passive power transmission in a single pass through the amplifier is ~ 98%, with over 95% of the power contained in 
the fundamental mode. Laterally, with a beam size of 3.4 mm measured at the amplifier input, the beam profiles on the 
resonator mirrors have been calculated for the 7-pass configuration using the real beam propagation theory [5] and the well- 
known ABCD law, giving a beam size of-11.2 mm at the output port. With some degree of overlapping, the laterally 
expanding beam gives a filling factor of 81%. Because the non-guided spacing between the mirror and guide end varies 
from 1 mm to over 10 mm due to angular tilt of the resonator mirrors, significant coupling losses occur as the beam passes 
through the waveguide. In the 7-pass configuration, the passive transmission is 60-65%, and decreases to -55% when two 
masks are included for the elimination of parasitic oscillations. The output beam quality has been examined by observing 
the beam profiles at the far-field as shown in Fig. 4, where the amplifier is operated with a pulsed discharge at a repetition 
rate of 1 kHz, amplifying 10 u.s laser pulses. It is seen that the beam is very close to the fundamental mode in the transverse 
direction and laterally rather gaussian-like without side lobes. 

Transverse 

_ Fundamental mode 

 - - • - * - -*- 

The actual beam 

-10      -5        0 5 10 

Far-field angle (mrad) 
15 20 -1 0 1 

Far-field angle (mrad) 

Fig. 4  Far-field profiles of the output beam (10 \is pulse width, 1 kHz pulse rate) from the 7-pass waveguide amplifier 

4.   PULSE AMPLIFICATION AT HIGH MODULATION RATE 
Previously, the cw gain characteristics of the amplifier without AO modulation have been determined [2], and cw power 
amplification has been carried out in a 5-pass configuration, giving an amplified output power of 270 W at pressures in the 
range of 75-90 torr for an input power of 80 W [3]. Here, our main interests are to investigate the amplification 
characteristics of l-20u.s pulses at high modulation rates using the 7-pass amplifier system described above, with both the 
oscillator and amplifier operated with high frequency RF pulsing, producing effectively cw gain. This mode is required for 
the generation of continuous pulse trains needed for example in laser engraving. To allow powers which give some degree 
of gain saturation in the amplifier, whilst avoiding the thermal problems of the AO modulator, we have used bursts of pulses 
as the input, with a burst repetition rate of 1 kHz. For example, bursts of eight equal pulses at 50% duty cycle and 50 kHz 
modulation rate produce an average input power of 5.8 W with a peak power of 72.5 W. The amplifier has produced an 
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average output power of 34 W, corresponding to a peak power of 
425 W, for a 10 kHz discharge at 50% duty cycle. This is 
equivalent to an output power of ~212 W if continuous input 
pulsing were to be used with an incident power of ~96 W to the 
AO modulator. 

A problem associated with high pulse rate C02 amplifier 
operation is that a particular laser pulse may be affected by the 
gain saturation induced by the previous pulse, leading to a 
reduced pulse amplitude when the time between pulses is shorter 
than that required for gain recovery. As a result, in cases of 
varying pulse rate, for example in laser printers, pulses of random 
amplitudes may be produced. This phenomenon is more obvious 
using a pulsed discharge to produce higher gain than cw, as 
shown in Fig. 5. The oscillator signal passes through the amplifier 
immediately after the termination of the discharge. In Fig. 5(a), a 
21 us pulse is amplified both with and without additional 
modulation at 550 kHz. Both show loss of gain due to saturation 
on the 2 to 4 (is time scale, with the modulated pulse maintaining 
higher saturated gain due to a degree of gain recovery between 
individual pulses. We have used the AOM to generate pulse pairs 
as the input, to look into the gain recovery issue further as shown 
in Fig. 5(b). By varying the second pulse in time relative to the 
first one, the second pulse at the output appears to recover gain in 
about 8 to 10 us at a pressure of 85 torr, about 3 times the 
resonance energy time between excited N2 (or CO) and C02 

(00°1) molecules [6]. However, the gain recovery time may be 
shortened at higher pressure or if the RF discharge is present. 
Fig. 5(a) shows that the AOM can usefully pulse modulate to near 
100% depth at 500 kHz. However, Fig. 5(b) indicates that a lower 
pulse rate limit of about 200 kHz is needed to avoid unwanted 
pulse amplitude modulation effects by the gain saturation/gain 
recovery process. 

5.   CONCLUSION 
The first planar waveguide AOM/MOPA system has been 
reported, which incorporates a beam coupling optical system 
accommodating some degree of beam distortion due to thermal 
effects occurred in AO modulation. The amplification of bursts of 
pulses at 50 kHz has been conducted in cw gain. Fast gain 
saturation and recovery time scales have been found, consistent 
with the operation of the waveguide amplifier at high pressure. 

Termination of discharge 

T 1 1 1 1 1 1 1 1 1 r 
0    2    4    6   8   10   12   14   16  18 20  22 24 26 

Time (us) 

(a) 

Termination of discharge 

. First pulse 

Second pulse 

0    2     4    6    8    10    12    14   16  18  20   22  24 26 

Time (us) 

(b) 

Fig. 5 (a) Demonstration of the gain saturation and recovery 
effects with a burst of 550 kHz pulses passing through 
the amplifier, (b) Observation of progressive gain 
recovery via amplification of separation-varying pulse 
pairs. Amplifier operating conditions: P = 85 torr, 
discharge duration = 180 \xs, PRF = 1 kHz 
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ABSTRACT 

The paper presents the results of measuring of the small-signal gain <g0> in the active medium of the high-power pulse- 
repetitive RF-excited slab C02-laser. The measurements were carried out for the pumping pulse durations in the range 20..50 
Us and pulse repetition rates 100..500 Hz. The maximal specific energy, delivered to the active medium, was 430 W/cm3. In 
the experiment were measured the average output power of radiation, pulse energy and power and the output beam 
divergence. 

Keywords: high power pulse-repetitive slab C02-laser, small-signal gain 

1. INTRODUCTION 

Laser processing of fragile materials, such as glass, ceramics, semiconductors, stones etc., and of materials with the 
high thermal conductivity, such as copper, aluminum etc., as well as the removal by laser radiation of dye or dirt from 
material surface, require the use of laser beams with the sufficiently high power and rather short pulse. Such pulses can 
provide the material cutting, drilling, scribing or surface cleaning (by evaporation) practically without any heat deposition. 

For these purposes one can use the compact sealed-off RF-excited slab C02-lasers, providing pulse repetition rates 
from several hundred Hz to several kHz. One of the most important parameters of the active medium of lasers is the small- 
signal gain. One has to take it into account while designing and developing the laser of a kind. 

Important experimental results in this direction were published in two papers. In the paper1 there was provided the 
output pulse energy of 150 mJ and the maximal output pulsed power of about 3000 W. Its authors have used the RF 
excitation frequency of f=152 MHz, providing thus the possibility to deliver to the discharge the power density of ~ 700 
W/cm3. Pumping pulse duration was 50 ys, and the repetition rate - 50 Hz. 

In our previous paper2 we have studied the pulse-repetitive mode of pumping also for the excitation frequency of 
f=152 MHz. We have delivered to the medium up to 400 W/cm3 at the pulse repetition rate F of up to 100 Hz. 

This paper presents the results of measurements of small-signal gain and the output parameters of the laser for the 
pulse repetition rates of up to 500 Hz. 

2. EXPERIMENTAL SETUP 

Our investigations were carried out at the slab waveguide C02-laser with the planar configuration and with the 
sealed-off non-flow operation. The discharge channel was formed by two copper electrodes (80x600 mm), separated by the 
discharge gap with the height 2.4 mm. All internal surfaces of laser head were covered by the special aluminum coating. 

The system of RF-power supply was based on the self-excitation scheme and operated at RF-frequency of 152 
MHz. Peak RF power from generator equaled to 45-50 kW coming in RF pulses with the duration 20-50 us and repetition 
rate of F=100..500 Hz. These values corresponded to the specific power density of 350..430 W/cm3. The attempts to exceed 
the limit of F=500 Hz resulted in significant inhomogeneity of discharge distribution along the electrode length. Power, 
putting into the discharge, was measured by calorimetery method. All measurements were carried out for the active medium 
mixture of CO2:N2:He:Xe=l:l:6:0.4 and its pressure of 150 Torr. 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
270 Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 

©2001 SPIE 0277-786X701 /$15.00 



Small-signal gain g0(t) was measured in a double pass optical scheme under different modes of pumping. The probe 
beam was provided by frequency stabilized C02-laser LG-74, providing the CW output of ~ 1 W in the line 10P(20) 
(h= 10.59 jxm). Its radiation passed through the active medium and was registered by the mercury-doped germanium-based 
photodetector with the time resolution of better than 10"7 sec. The value of small-signal gain was calculated according to the 
formula 

l    r. 
8o = = --ln \cm !J 

Here Ui and u2 are the amplitudes of the amplified and non-amplified signals at the photodetector and L is the 
length of the active medium. It is obvious that in the slab laser is thus measured the value of the small-signal gain <go(t)>, 
averaged both along the discharge gap and across the section. Laser output parameters were measured with the use of the 
confocal unstable resonator, formed by two concave spherical mirrors (negative branch of instability). Resonator 
magnification was equal to 1.17. 

3. EXPERIMENTAL RESULTS 

3.1. Small-signal gain in medium (go) 

In Fig.l is shown the dependence <go(t)>, measured for the pumping pulse duration of xp=37 |is and repetition rate 
F=200 Hz. One can see that the maximal value of g0(t) reaches 1.5% cm"1 to the moment of end of pumping pulse. In the 
same Figure are shown the oscilloscope records of the pumping and generation pulses (the latter was registered in another 
experiment with the use of laser resonator). The specific power density in this case was equal to 430 W/cm . Thus the value 
of <g0(t)>, averaged along the pulse, was equal to 0.9% cm" . 
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Fig. 1.    1 - Time profile of g0(t), 2 and 3 - oscillograms 
of pumping pulse (x=37 |os) and generation pulse. 

Fig.2.   Dependence of maximal value g0(t) vs. 
pumping pulse duration and pulse repetition rate. 

In Fig.2 is shown the dependence of the maximal values of <go(0>, registered for various durations of pumping 
pulse in the range of pulse repetition rates from 120 to 500 Hz. One can see from this Figure, that with the heating of the 
active medium the value of <go> reduces from 1.4-1.5%cm"1 for F=120 Hz to 1.2%cm"1 for F=500 Hz. 

3.2. Laser generation parameters 

The measurements of the laser parameters were carried out in the pulse-repetitive mode of operation. Repetition 
rate was varied within the range from 100 to 500 Hz. The output pulse energy was calculated from the measurements of the 
average output power. In Fig.3a,b are shown the dependencies of the output laser energy and maximal power in the pulse vs. 
the pulse repetition rate F. 
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Fig.3. Dependencies of peak pulse power (a) and of pulse energy (b) 
vs. pumping pulse duration and pulse repetition rate. 

One can see that the light power was reaching the value of 4000 W and more. Note, that the similar measurements, 
carried out for the gas pressure of 200 Torr have shown that the maximal pulsed light power is reached at xp=20 (is and 
F=120 Hz; it was as high as 5000 W. However, in such case the gas pressure emphasizes the plasma instability and 
inhomogeneity, which prevent the normal performance of the laser for some pulse repetition rates. 

In Fig.4 are shown the dependencies of the average output power of laser generation vs. pulse duration and vs. the 
pulse repetition rate. One can see that average power varied within the range from 10 to 100 W. 
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Fig.4.    Dependencies of average output power of laser 
generation vs. pumping pulse duration and pulse repetition rate. 
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Fig.5.   Angular distribution of radiation power (F=500 Hz, 
T=45 »is, POUI

av=85 W). 

Beam divergence was measured with the use of slot diaphragms in two sections - along the gap and across it. The 
measurements were done according to the calorimetery methodics. After correction of the divergence along the slab 
coordinate by the cylindrical lens, the divergence was measured by a round diaphragm. The corresponding dependencies are 
shown in the Fig.5. One can see that after correction 86% of radiation fills to the angle of 3 mrad. 

4. CONCLUSIONS 

The investigations of the slab waveguide RF-excited pulsed C02-laser with the active volume of 115 cm3 were 
carried out. At the frequency of 152 MHz there was provided the specific pumping power density of - 400 W/cm3. The 

272 ProcSPIE Vol. 4184 



output pulsed power of 3-5 kW in the pulses with duration 20-50 \xs with the repetition rate of 100..500 Hz was 
demonstrated. The measured maximum value of small-signal gain was about 1.2-1.5%cm"1 for the typical pulse regime. The 
average output power of laser varied within the range of 10.. 100 W. 
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ABSTRACT 

A small signal gain was detected using a C02 laser during microwave-enhanced combustion of methane-air mixture in a 
quartz combustor suggesting perturbation of the Boltzmann distribution of molecular energy levels. A maximum value of 
g = 0.69 %cm"' was obtained when the combustion zone was irradiated by microwaves at lOOOW sustaining the possibility 
of utilizing the system for laser applications. 

Keywords:    small signal gain, population inversion, Boltzmann distribution, combustion, microwave, C02 laser 

1. INTRODUCTION 

Combustion per se increases the vibration-rotation energy of molecules such as C02 and further addition of microwave 
energy might trigger the occurrence of population inversion when the assumed Boltzmann distribution of molecular energy 
levels is violated. In this condition, an incident photon will most likely cause a net emission of radiation and an 
enhancement of light intensity.    Hence, it might be possible to exploit this non-equilibrium state for laser applications. 

The classic work of Jaggers and von Engel (1971) on the effect of electric fields on the burning velocity of various flames 
paved the way for several researches into the interaction of electric fields and combustion1. Subsequent studies by Bradley 
and Ibrahim (1976) showed that the asymmetric vibration-rotation mode of C02 (001) becomes heavily populated during 
electrical enhancement of combustion2. Ward and Wu (1978) considered the feasibility of efficient microwave heating of 
flame-front electrons in internal combustion engines by means of a mathematical model3. Groff and Krage (1984) later 
examined the effects of microwave on premixed flames and concluded that the enhancement of burning velocity is caused 
by simple microwave heating of bulk gases in the flame zone4. Recently, Ogawa et.al. (1998) investigated the effect of 
microwaves (2.45 GHz) on methane-air flame and found that the electrons in the flame absorb the microwave energy 
attaining temperatures of up to 5000°C and 57O0°C for premixed and diffusion flames respectively5. It is presumed that 
these hot electrons will transfer their energy to neutral species via collision. 

In this research, the possibility of laser oscillation was verified by reactivating the gas molecules and chemical species by 
combustion and then irradiating them using microwave so that excitation will effectively occur. The small signal gain in 
the system was determined for infrared radiation at 10.6// m. 

2. EXPERIMENTAL SETUP AND PROCEDURE 

2.1 Ceramic Burner (One-Stage Combustion) 
Figure 1 shows the quartz glass combustor (556 mm x 57 mm I.D. x 2.5 mm thick with a 5 mm aperture to allow the beam 
from a C02 laser to pass through) that was used in one-stage combustion experiments. A layer of 5 mm alumina balls 
ensured proper mixing of the air and CH4 followed by a honeycomb ceramic burner (150 mm x 50 mm diameter with pore 
size of 1.5 x 1.5 mm) positioned less than 1 mm below the 5 mm hole. Methane-air mixture was introduced from the 
bottom of the combustor and primary flame was formed on the surface of the ceramic honeycomb. Combustion was 
carried out at several equivalence ratios, ranging from 0 = 0.7 to 0 = 1.2. Microwaves irradiated the combustion zone and 
the stub tuners were used to adjust the impedance of the system. The microwave generator used was the IMG-2502-SX, 
manufactured by IDX Corp. with a frequency of 2.45 GHz and maximum power of 1.3 kW. 
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Fig. 1 One-stage combustion 

2.2 Pyrex Burner 
A double tube Pyrex burner (1.5 mm thick, outer 
tube 20 mm O.D. and inner tube 10mm O.D), as 
shown in Fig. 2, was positioned inside the 
microwave cavity with the inner tube located about 
2 to 3 mm below the cavity orifice (18 mm I.D.) in 
order to allow the laser beam to pass through the 
flame zone. Microwaves with power levels of 
200, 400, 600, 800 and 1000 W were used to 
irradiate the premixed methane-air flame with 0 = 
1.05. 

2.3 Ceramic Burner (Two-Stage Combustion) 
In order to position the flame zone containing 
radicals and free electrons into the microwave field 
and into the path of the incident laser beam, 
two-stage combustion was carried out. The 
honeycomb ceramic was positioned 30 mm below 
the 5 mm aperture away from the path of the 
microwaves. The primary combustion gas was 
subsequently met by air flowing through a quartz 
glass tube (1.5 mm thick, 10 mm O.D., 30 mm 
above the path of the laser beam) from the top of 
the combustor producing secondary combustion. 
Combustion was carried out with a premixed 
equivalence ratio, 0 = 1.14 and a final 0 =0.71. 
Microwaves irradiated the combustion zone at 200, 
400, 600, 800 and 1000 W, after which the gain of 
the system was computed. 

2.4 Optical Set-up 
Figure 4 shows the optical system used to measure 
the small signal gain of the system. A C02 laser 
(10.6 fj. m, TEMoo) that passes through a ZnSe 
beam splitter forms two beams - one beam 
reflected 90° to a diffused mirror and another beam 
going straight through the combustion zone in the 
microwave cavity before being dispersed by 
another diffused mirror. The signals from the 
diffused mirrors were then detected by two MCT 
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Fig. 2 Pyrex Burner 
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Fig. 3   Two-stage combustion 

  
®   

L— 

_ 

%f ©I 

© Lock-in Amplifier/Recorder 
© Computer 
© Amplifier 1 
© Amplifier 2 
© Magnetron (2.45 GHz) 
© Diffused Mirror 1 
© MCT1 
® Power Monitor 
® 3 Stub Tuners 
© C02 Laser 
© ZnSe Beam Splitter 
@ Diffused Mirror 2 
© MCT 2 
® Quartz glass combustor 

inside microwave cavity 

V,->V2 

Fig. 4 Optical system to measure the small signal gain 
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photodetectors, amplified and then recorded. The data were then fed into a computer for analysis. The ratios of the MCT 
signals with microwave irradiation were compared to ratios without irradiation to determine an increase or decrease in the 
intensity of the incident radiation. Based on these ratios, the small signal gain of the system was computed as outlined in 
the Appendix. 

3. RESULTS AND DISCUSSION 

3.1 Ceramic Burner (One-Stage Combustion) 
Experiments did not result into any signal gain, moreover melting of the ceramic 
burner was observed. Since the honeycomb ceramic became very hot during 
combustion, microwaves could have been drawn into it since it was located in the 
path of the waves themselves. It was believed that formation of hot plasma melted 
the ceramic burner as shown in Fig. 5 and caused cracking of the quartz combustor. 

3.2 Pyrex Burner 
Figure 6 shows the negative signal gain obtained on all levels of microwave power 
except at 800 W. Thus, there was no amplification of radiation observed. Since the 
occurrence of population inversion depends to a large extent on the population of 
active chemical species in the flame, a limited flame volume in the Pyrex burner 
would mean less active chemical species present to absorb the microwave energy. Fig. 5 Melted Ceramic 
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Fig. 6 Pyrex Burner Signal Gain 
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Fig. 7 Two-Stage Combustion Signal Gain 

3.3 Ceramic Burner (Two-Stage Combustion) 
The average values of the small signal gain obtained from experiments using two-stage combustion are shown in Fig. 7. 
Evidently, there is an amplification of infrared radiation on all levels of microwave power based on the positive value of the 
small signal gain. A maximum value of g = 0.69 %cm"' was obtained when the combustion zone was irradiated by 
microwaves at 1000 W. It is presumed that radicals and free electrons absorbed microwaves and the energy was 
transferred to C02 molecules via N2 through collision. This is due to the fact that much of the energy in hydrocarbon-air 
flames is imparted to nitrogen6. The transfer of energy caused a depopulation of the lower energy levels and accumulation 
of molecules in the higher levels (e.g. 001 level) thereby prompting stimulated emission of radiation. 

3.4 Statistical Analysis 
Table 1 shows the Analysis of Variance (ANOVA) table. A completely randomized design (CRD) was used since the 
experimental units are homogenous. Varying level of microwave power represent the treatments. Definitely, a small signal 
gain was obtained for all levels of microwave power. However, since the computed F value is less than the tabular F value 
at 5% and 1% level of significance, the statistical analysis reveal that the effect of varying levels of microwave power on the 
small signal gain is not significantly different. In other words, the test failed to detect practical differences in different 
levels of microwave power. Nevertheless, a nonsignificant F test in the ANOVA does not in any way prove that all the 
treatments are the same. A very small numerical difference in the treatment means, as experienced in this experiment, is 
one reason why a nonsignificant F test would result from the ANOVA7. 
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Table 1.   Analysis of Variance in CRD 
ANOVA 

Sources of Variation degress of 
freedom 

Sum of Squares Mean Square F computed F tabular 
5* • ' m '.-;;■- 

Treatment 
Experimental Error 
Total 

5 
24 
29 

3.5786 
134.8998 
138.4783 

0.7157 
5.6208 

0.1273 
n.s. 

2.62 3.9 

%c.v. =5.68 
F computed is not significant 

4. CONCLUSION 

Experiments involving one-stage combustion and use of a Pyrex burner did not produce an amplification of radiation. 
However, two-stage combustion experiments utilizing a ceramic burner in a quartz combustor yielded a small signal gain 
for all levels of microwave power for a premixed equivalence ratio, 0 of 1.14 and a final 0 of 0.71. A maximum value of g 
= 0.69%cm_1 was detected when the combustion zone was irradiated with microwaves at 1000 W. Amplification of 
radiation suggests the occurrence of a non-Boltzmann distribution sustaining the potential of utilizing the system for laser 
applications. Statistical analysis however, failed to detect significant differences among the varying levels of microwave 
power. 

5. APPENDIX 

5.1 Computation of Gain 
Based on Fig. 4, the laser intensity ratios, Ii/Ir (without microwave irradiation) and I2/Ir (with microwave irradiation) were 
observed as voltage readings VyVr and V2/Vr. From these ratios, we let r} = Vi/Vr and r2= VyVr, after which rjri was 
computed.    Gain was computed as: g = (1A) In (r/rj), where / is the path length.8 
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ABSTRACT 

Time-resolved gas dissociation inside diffusion-cooled RF excited C02 lasers was measured with NIR laser absorp- 
tion spectroscopy and UV-VIS emission spectroscopy. Roto-vibrational temperatures were derived directly in the 
discharge region. Effects of gas additives on the plasma processes were studied. 

Keywords: Carbon dioxide laser, diffusion-cooled, gas dissociation, diode laser, absorption spectroscopy, emission 
spectroscopy 

1. INTRODUCTION: EXPERIMENTAL LASER SETUP 

Diffusion-cooled RF excited CO2 laser have the potential for compact, industrial high-power laser sources as sealed- 
off systems. Parameters to be optimized for high efficiency are the gas composition, the power loading, a proper 
material selection, the discharge geometry, and the resonator configuration. The dissociation of CO2 into CO and 
0 inside of the discharge volume changes plasma parameters and hence the laser power of such lasers. To study the 
temporal evolution of these effects with high resolution in the millisecond regime and without gas sampling, we used 
both NIR diode laser spectroscopy and UV-VIS spontaneous side-light emission spectroscopy of the discharge glow 
itself. 
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Figure 1. Experimental laser setup for discharge spectroscopy 
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Two identical discharge volumes with dimensions of 6,5x17x900 mm3 in the same laser gas vessel as shown in Fig. 1 
each excited with an RF input power up to 1000 W at 27 MHz were used. One discharge volume was operated with 
resonator mirrors for fast measurement of the laser power with an atomic-layer thermopile. Emission spectroscopy 
of plasma sheaths was performed perpendicular to the long axis with a fibre-coupled CCD spectrometer. The other 
discharge volume was operated with Brewster windows for NIR absorption spectroscopy with an absorption path 
along the long axis. Both optical setups measured the concentrations of CO resp. CO2 and CO with high temporal 
resolution. Comparing those time dependent data with a simple model summing up all reaction paths for dissociation 
(kd) and recombination (kr), the effects of different gas components were studied. 

This set of differential equations was used to describe the temporal evolution of the number densities n of CO2, 
CO and O: 

hco2(t)   =   -kdnco2(t) + krnco(t)no(t) 

nco(t)   =   +kdnCo2{t) - krnCo(t)no(t) 

ho(t)   =   +kdnco2(t) - krnco(t)no(t) ■ (1) 

2. ABSORPTION AND EMISSION SPECTROSCOPY OF THE DISCAHRGE 

The diode laser absorption spectrometer used a collimated beam from a tunable DFB diode laser chip emitting at 
1567 nm1'2 . Two closely adjacent absorption lines of CO2 and CO were measured simultaneously in one wavelength 
scan. A 2f wavelength modulation setup and subtraction of a reference beam was used to achieve high sensitivity 
with short time constants3 . 50 line scans per second were recorded with a PC leading to a temporal resolution 
of 20 ms. The gas concentrations and the vibrational/rotational gas temperatures were determined by fitting the 
measured spectra to a theoretical model of the setup and the molecular absorption properties. 

The fiber-coupled CCD spectrometer for emission spectroscopy had a resolution of 1 nm. The main components 
in the reddish-blue discharge glow are N2 lines with the strong 2nd pos. system (C3n„-B3ns) and various CO 
bands4 (Fig. 2). In the far UV region NO lines can be identified, but no CO2 lines are in this spectral region. To 
quantify the CO content without much theoretical efforts, only the ratios of line intensities between time-dependent 
CO (519 nm) and almost time-independent N2 (427 nm) lines are compared. Calibration is done with time-resolved 
spectroscopy and well-defined CO additions. 
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ProcSPIE Vol. 4184 279 



3. RESULTS: GAS TEMPERATURES AND DISSOCIATION DYNAMICS 

In the discharge volume without laser activity all RF energy is transformed into heat (except dissociation and 
electronic excitation). The temperature profile can be calculated by solving the heat diffusion equation. Considering 
sheath losses near the electrode, less RF power reaches the gap center. These losses can be evaluated by comparing 
calculated and measured temperatures at given RF loads. The measured gas temperatures at the center of the 
gap are rather low even without laser activity. This can be explained when sheath losses5 of the a-discharge are 
considered. The more RF power has to penetrate those sheaths, the higher the loss. Evaluated sheath-losses for 27 
MHz excitation are in the range of 25% up to 42%. 

=3 

to 
v_ 
<D 
Q. 
E 

He=73%   N.:CO.=2,75   p = 57 hPa   without lasermirrors 

- 40^ 

300 
-1 0 1 
discharge gap [mm] 

Figure 3. Calculated and measured gas temperatures 

Fig. 4 shows that within 1 s an equilibrium of the laser power and dissociation is achieved. The time-slope can 
be fitted exponentially with a typical time constant of t = 0.2 s. The reaction coefficients that characterize the way 
of the reaction can be evaluated from these data: The equilibrium dissociation is only a function of the ratio kd/kT, 
the time constant is a function of the product kdkr. 

a> 
E _2 
o > 

time [s] 

Figure 4. Measured dissociation dynamics and laser power 

Table 1 compares different gas additions to the initial He:N2:C02 gas mixture.   While H20 highly increases 
the catalytic recombination rate coefficient and hence reduces the dissociation fraction, it also quenches the upper 
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laser level and reduces the laser power above a concentration of several thousand ppm (dew point above -40° C). 
Xe reduces the dissociation rate coefficients while keeping recombination nearly unchanged because of the reduction 
of the mean electron energy in the discharge. The addition of CO shifts the equilibrium state towards lower 
dissociation fractions, but keeps the reaction coefficients for recombination almost unchanged. Comparing rising 
power densities, both dissociation and recombination coefficients increase, keeping the ratio unchanged. This shows, 
that both reactions are electron- and volume-effects rather than catalytic surface reactions. 

reaction rate coefficients dissociation laser power 

kd[ s-1] fcr[10-23 m3s-x] fraction[%] [W] 

HaO-addition [ppm] 
400 1.64 3.3 60 42 
2300 1.57 7.8 44 39 
8300 1.60 18 31 30 

Xe-addition [%] 
0 1.64 3.3 60 42 

+2 1.15 4.0 49 45 
+4 0.83 3.9 45 45 

N2:CO replacement 
2.0:0.0 1.64 3.3 60 42 
1.5:1.5 0.9 3.1 31 38 
1.0:1.0 0.6 2.6 20 33 

RF-density [W cm-3] 

reaction 

M s-1] 
rate coefficients 

jfcr[10-23 m3s~1] 

dissociation 

fraction[%] 

temperature 

at center [K] 

calculated 

sheath loss [%] 

5,7 
7,1 
10,3 

0.72 
1.13 
1.58 

3.5 
5.5 
6.3 

43 
44 
48 

480 
500 
530 

25 
35 
42 

Table 1. Measured dissociation dynamics for various gas additives 

4. CONCLUSIONS 

Both spectroscopic methods have proved to be very valuable diagnostic tools for the development and optimization 
of diffusion-cooled sealed-off CO2 lasers: Dissociation fractions of CO2 can be measured fast and precisely. The 
temporal detection of the dissociation allows the calculation of the rate coefficients for dissociation and recombination. 
This gives further insight on how gas additions and catalytic surfaces influence the processes in the laser discharge. 
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ABSTRACT 

The results of the use of two types of adaptive mirrors to generate quasi Q-switch pulses of the C02 laser radiation are 
presented. The excess of the output power in peak above the average level in CW regime was more then 2.5 times. The power 
of the lasers that were used in the experiments was in the range of 1 - 3 kW CW. Also, the design of the different types of the 
active correctors used in the experiments is discussed. 

Keywords: active corrector, intracavity laser beam control, Q-switch pulses. 

1. INTRODUCTION 

Adaptive optical elements are known to be used for the correction of various types of wavefront distortions of the light beam 
penetrated through some inhomogeneous media. In 80th and 90* adaptive technique was applied to control for the radiation of 
various industrial lasers - YAG, excimer, copper-vapor1. But usually authors were trying to influence on the output mode 
structure of the laser beam by means of the intracavity active mirror. For C02 laser there is also the necessity and the 
possibility to use active intracavity mirror to obtain quasi Q-switch regime of generation. The idea of application of active 
corrector is to change the parameters of laser resonator, the stability factor as well as lazing characteristics. Usually Q-switch 
pulses in C02 lasers is obtained by putting mechanical shutter inside laser cavity. To avoid undesirable beam transformations 
the beam is to be focused inside laser resonator and shutter is to be put exactly in the focal plane2. To overcome these 
problems we suggest to use active deformable mirrors as the modulating element - the bimorph one or/and "cylindrical". 

2. ACTIVE MIRRORS FOR LASER BEAM MODULATION. 

2.1. Bimorph active corrector. 

"'"\     ^.   '' The traditional semipassive bimorph mirror consists of a glass, copper or 
sjjt^e quartz  substrate  firmly glued to  a plate  actuator disk made from 
öass. copper] piezoelectric ceramic (lead zirconium titan, PZT) (see fig. 1). Applying 

the electrical signal to the electrodes of the piezoceramic plate causes, for 
example, tension of the piezodisc. Glued substrate prevents this tension, 

| and this results in the deformation of the reflective surface. To reproduce 
*"^"'"':^l™—^™"™™^"™—^""" '^ ptejod* different types of aberrations with the help of such corrector usually the 
-m       _/'       // V x u5 outer electrode is divided in several controlling electrodes, that have the 

shape of a part of a sector. The size as well as the number of such 
Fig. 1. Scheme of a semipassive bimorph corrector. electrodes depends upon the number and the type of the aberrations to be 

corrected. In our work we usually used the geometry of the electrodes 

y~y—p / / / '/ / "/ /' ?' /"/"'/ ~y / y—y—y—y—y- 
///////////////////// 
/////////////////// /"s 
/S///S/SSSSSSSSS///SS 

///////////////////// 
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given on fig. 3. 
For high average power C02 lasers there is the problem of constructing controllable cooled mirrors, production of which is 
rather complicated. A corrector of this kind should satisfy a number of technical requirements: it should have the necessary 
optical strength, its service life should be long (~ 1000 hours), and it should be easy to construct and use. The mirror surface 
should be continuously deformable and the amplitude of displacement of the corrector surface should be ~X/2 (A.=10.6 u - is 
the wavelength of the corrected radiation). 

In our Group we have developed water cooled mirrors based on semi-passive bimorph piezoelement. They consisted of a 
copper (or molybdenum) plate 2.5 mm thick and 100 mm in diameter. One side of the plate was polished and used as a mirror, 
whereas two piezoelectric ceramic disks 0.3 mm thick and 50 and 46 mm in diameter were glued on the other side (fig. 2). 
First piezodisk was used to control for the curvature of the mirror surface and 17 electrodes were evaporated on the outer side 
of the second piezodisk to compensate for different aberrations of the wavefront. The cooling system of the corrector was of 
the waffle type. A copper plate consisted of two solded disks in which channels of 0.5 mm deep were formed for the 
circulation of the cooling liquid. The size of the contact areas between the plates was 3x3 mm. Fig. 3 shows the sample of 
such a corrector. 

The sensitivity of correctors was estimated from the displacement of the interference fringes at the center of the pattern when 
the voltage of 100 V was applied to all electrodes. It amounted to 1,7 u. The frequency of first resonance of our correctors 
was in the range of 3 - 4 kHz. An active mirror was tested under an optical load of C02 laser radiation with an average power 

Fig. 2. Copper water cooled bimorph mirror. 1 - copper 
substrate; 2 - piezoceramic disks; 3 - control electrodes; 4 - 
canals for cooling water; 5 - reflecting surface; 6 - common 
electrode. 

Fig. 3. A photo of a sample of a water cooled bimorph 
corrector 

density of 2.5 kW/cm2 3. The corrector surface profile was determined using a shearing interferometer. This optical load 
produced practically no deformation of the mirror surface, indicating that the cooling system was effective. The rate of flow 
of cooling water was 400 mliter/min. 
These bimorph correctors were successfully used as an intracvity mirrors to control for the radiation of a C02,. 

2.1. "Cylindrical" active corrector. 

Another type of the active mirror to be installed as one of the mirrors of the laser resonator was suggested to change the 
wavefront of the laser beam only in one direction by means of single actuator. The design of such mirror is given on fig. 4. 
The mirror itself is the rectangular copper plate. One side of this plate is polished to the optical quality. Piezoceramic column 

(actuator) is installed between the rib of rigidity (shown on fig. 4) and 
mirror support. The cooling system made of copper plate surrounded by the 
tube with cooling water is connected to deformable mirror through special 
thermo conductive pasta. Of course the deformation of the surface via 
applied voltage to piezoceramic column is not the spherical one, but has the 
shape close to cone in one direction. This is the main shortcoming of such a 
corrector. The amplitude of the deformation of the surface is 40 u, for the 
aperture of the mirror 55 mm (long side of the rectangular). Thickness of 
the reflecting plate of such corrector - 4 mm. First resonance frequency - 

Cnrtt icction oT the 

Fig. 4. Deformable "cylindrical" mirror. 
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15 kHz. Such a corrector was designed to be used in the scheme of the stable-unstable resonator to produce q-switch laser 
pulses. 

3. RECEIVING THE Q-SWITCH REGIME OF C02 LASER GENERATION. 

3.1. The use of the bimorph corrector. 

To change some output parameters of the laser beam (for example get different output mode configuration or even change the 
regime of laser generation) you need to reconstruct all laser cavity or alter the block of power supply. Such operations are 
rather expensive and sometimes takes a long period of time. That is why the use of mirrors with controllable flexible surface 
in laser is of large interest. As for C02 lasers there is another interesting and promising field for active correctors - to obtain 
the Q-switch regime of generation of CW lasers. The problem here is that it is impossible to suggest some media that will 
change its transparency parameter on the wavelength of the C02 laser radiation (10.6 u) and thus obtain Q-switch regime. So, 
the possible way of getting this regime is to use intracavity active corrector that will change the parameters of laser resonator 
(g!g2 parameter). In this case the time of change of the cavity should be about one order less then the time of the excited state 
ofC02gas(5-1.5ms). 

In our work we installed active corrector inside the cavity of two types 
of lasers manufactured in Scientific Research Center for 
Technological Lasers Russian Academy of Sciences. The first type of 
cavity is unstable confocal one with magnification M=2, where we 
substituted one of the folding mirrors with bimorph water-cooled one. 
When a static voltage +300 V was applied to all electrodes of the 
flexible mirror radius of curvature of its surface R changed from plus 
to minus 200 m. The value g2 of the resonator was changing 
correspondingly in the range of 0.69-0.82. In the dynamic regime of 
mirror action the cosine voltage with frequency in the range of 1 - 10 
kHz was applied to mirror electrodes. At the mirror resonance 
frequency - 3.8 kHz the deformation of mirror increased up to R= +50 
m and g2 value was changed from 0.49 to 1.0. The magnification M of 

Fig. 4. Transmittance T of laser cavity vs g2 in case 
Si =1-5. 

unstable non-confocal resonator could be given as :  M = 
gig2 + -Jg\gj (SxSi ~ 1) 

Fig.4 shows the dependence of 
gxgi ~ -jgxgj (gxgi ~ !) 

resonator transmittance T= 1-1/M2 upon g2 for g, =1.5. One can see that when g2 changes from g2 <0.67 (the case of stable 
resonator) to 1.0 the transmittance T varies from 0 and 0.93. So, changing the curvature of the flexible mirror surface by 
applying cosine voltage to the control electrodes one could change the transmittance of the telescopic unstable resonator with 
the same frequency and modulation of the laser output beam power could be obtained. The cosine voltage of frequency up to 
10 kHz and amplitude up to 300V was applied for this purpose. Under control voltage of more than 1 kHz the period of the 
mirror surface oscillation could be compared with the life-time of the C02 laser active medium. Thus the Q-switch regime of 
laser generation was obtained. The periodical laser generation regime with 100% power modulation depth was obtained at 
near-resonance frequencies - 3.8 and 7.6 kHz. The pulse peak power exceeded the average power threefold4. The average 
power drop was insignificant (<10%). 

3.2. The Use of the Cylindrical Corrector. 

In our first experiments with bimorph corrector described above we used Russian TL-5 laser. The measurement of this laser 
focused beam profile showed that along with the narrow kem, there exists rather high energy-intensive environment (pedestal) 
that contains more than a half of the total beam power. The total divergence of the beam is approaching to 1 mrad. The beam 
quality parameter of such laser beam is rather poor (~ 4). That is why we have proposed and used a special scheme of the 
optical resonator5'6. It has the properties of an unstable telescopic resonator only in the plane perpendicular to the electrode 
walls, and it is stable in the plane parallel to these walls (Fig.5), as opposed to the known scheme of the stable - unstable 
resonator wherein the plane of the unstable resonator is parallel to the electrodes, and the plane of the stable resonator is 
perpendicular to the gas flow and electrodes. The resonator includes two end mirrors, one of them is spherical and another is 
cylindrical .The generatix of the cylindrical mirror is parallel to the electrode walls. This resonator allowed to increase the far- 
field beam intensity by a factor of 2-3 in comparison with an ordinary telescopic resonator. One of the very important 
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advantages of the «stable-unstable» resonator is a good space coupling of the resonator and GDC volumes. The geometry of 
the optical folding of this resonator takes into consideration the optimal utilization of gas discharge zones, being not included 
into the volume of the laser optical field. This became possible due to the flow of the excited gas. 

Only the lowest gaussian mode of the stable resonator was selected by diaphragm installed inside the cavity. The principal 
mode size in our case was approximately 12 mm by 1/e level. The 
unstable resonator axis was located close to one of the electrode, the 
resonator caustic accounted for 50 mm, and the output beam size was 20 
mm As the practical applications require the compact beam, so we have 
to use the resonator with M=2 magnification. The output power of the 
laser employing the modified stable-unstable resonator was achieved to be 
6 kW, i.e. no marked decrease in efficiency was practically observed. As 
it is shown on Fig. 5, we substituted one of the folding mirrors with the 
cylindrical corrector. Applying sine voltage to the actuator at the 
frequency 2 kHz we obtained the modulation of the output radiation and 
received quasi Q-switch regime of generation - for the CW power 2 kW 
output intensity of the beam was 5 kW. The duration of the pulses was 5 
uc. 

Fig. 5. Stable-unstable resonator with unilateral 
beam output. Modified scheme. 

The quality of the output beam, beam size and beam phase in the case of 
this kind of laser resonator and the use of active cylindrical corrector does 
not change because the modulation of the cavity parameters takes place 
only in the stable plane: in stable resonator the wavefront of the output 
beam coincides with the surface of the output mirror. And this surface in 
our experiments was constant. Some changes of the size of the beam in 

the stable plane inside cavity leads to the modulation of the intracavity losses but does not lead to the increase of the size of 
the output beam. In the unstable plane of the resonator we did not change any parameters of resonator and so, no deformations 
of laser beam appear. 

The use of the intracavity active mirrors do not require any significant modification of the whole laser. At the same time it 
broaden the possible spheres of technological lasers application and can improve different technological processes. The 
proposed method is characterized by simplicity, does not involve replacement of laser power supply and enables to obtain the 
pulse peak power higher than CW power level. 
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Mode selectivity using selective layered and combined metallic- 
dielectric electrodes in slab waveguide resonators 
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ABSTRACT 

Using selective layered, and combined metallic-dielectric electrodes, the higher order mode selectivity of the slab 
waveguide resonator can be improved, reducing the sensitivity of the beam quality on small variations of the electrode 
gap by high power CO2 lasers. 

Keywords: CO2 laser, resonator, slab waveguide, optical loss, electrode gap, fresnel number, interference, material 

1.    INTRODUCTION 

One of the greatest problem by the operation of high power slab waveguide CO2 lasers is to keep a long term stability of 
the achieved good beam quality. Due to slight misalignment or deformation of electrodes caused by mechanical vibra- 
tions or thermic stress, the effective electrode gap varied (in the range of some few microns), causing a slight change of 
the fresnel number which can have drastical effects on the beam quality like described by Gerlach, Hill or Abrams1' 2<3. 
These effects are due to a change of the phase shift between propagating guide modes causing either constructive or 
destructive mode interference. 
To reproduce such behaviour, the electrode gap of a slab waveguide was moved in steps of few microns and the result- 
ing variation of optical losses was measured using a scanning Fabry-Perot-Resonator. 
Resonator losses consist generally on attenuation (inside the guide) and coupling (between guide and mirrors) losses. 
Due to the slight beam divergence between guide and mirrors using near CASE I resonators, the losses are mainly 
dominated here by attenuation. Such a resonator will be used to compare the attenuation of different electrode configu- 
rations. 
Using greater mirror-guide distances, the beam divergence on the path guide-mirror-guide causes increasing diffraction 
losses at the guide entrance. Additionally, after leaving the guide, free space interference between propagating modes 
causes the recombination of several guide modes to resulting resonator modes exiting the resonator. The influence of 
the attenuation through electrodes becomes limited. 
The phase shift of the interfering modes depends beside the guide dimensions (fresnel number) also on physical proper- 
ties of the electrodes like material and surface corrugation. One of the mostly used material by the design of slab 
waveguide is aluminium. Dielectric slab waveguide resonators have much higher losses then aluminum one, but are 
less sensitive to small variations of the electrode gap. Both materials should now be applied on the same electrode, 
trying to combine poor electrode gap sensitivity and smaller level of losses. Before discussing the results obtained, the 
principle of the measurement with the Scanning Fabry-Perot-Resonator will be shortly described. 

2.    PRINCIPLE OF MEASUREMENTS 

The measurement setup used is the same like described in our last publication4 using an hemispherical Fabry-Perot- 
resonator, whose length is varied periodically moving one mirror axially with piezo translators (fig. 1). 
During the movement of this flat mirror, the resonance length of several propagating modes are crossed successively. 
At those resonance positions the transmitted intensity becomes maximal, causing a mode dependent peak in the output 
signal (fig. 2). The level of the optical losses for the light transmitting measured object between the mirrors is propor- 
tional to the width of those resonance peak's (fig. 2). 
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Fig. 1: Schematic of the experimental setup for measurement of optical losses 

AU the electrodes used during the measurements had a length of 400 mm. The radius of curvature of the curved mirror 
was 1.7 m. The mirror-guide distance by the near CASE I resonator configuration was 3 mm on both sides and 10 mm 
for the second applied resonator configuration. 
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Fig. 2: Output signal of the scanning Fabry-Perot-Resonator 

3. SELECTIVE LAYERED ELECTRODES 

To combine metallic and dielectric propagation conditions on the same electrode, some electrodes were divided in sec- 
tions. Using the anodizing method, some of the sections of the aluminium electrodes were coated like shown on fig. 3a. 
By all the three measured slab waveguides, the same top electrode was used. The three bottom electrodes shown on fig. 
3a were applied one after another. 
Due to the great heat absorption on the walls of the dielectric anodized electrodes by the grazing propagation inside the 
guide, the energy content for all propagating modes decreases. Simultaneously the attenuation losses, especially for 
those modes with large cross-sections increase. As consequence, the propagation inside such waveguides with high 
attenuation at their walls is dominated by one or very few modes, in which the greatest part of the energy is concen- 
trated. Continuously varying the fresnel number, interference (within resonator free spaces between guide and mirrors) 
with much higher order modes causes only small local variations of the losses. This behavior can be observed by the 
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Fig. 3b and 3c: Losses versus electrode gap for the lowest-loss mode applying different mirror-guide distances 

In contrast to the anodized one, aluminium electrodes are characterized through a great heat reflection on their walls. 
This feature supports the propagation of an great number of modes, because of the poor attenuation. The energy con- 
tent of higher order modes is not more negligible like by anodized electrodes. Varying continuously the fresnel number, 
constructive and destructive interference between several modes within resonator free spaces between guide and mir- 
rors leads to well pronounced minimum's and maximum's of optical losses (fig. 3c). In opposition to a nearly steady 
decrease of losses, characteristic for a near one mode propagation inside a resonator, the propagation inside a alumin- 
ium slab waveguide resonator is characterized through a pronounced multimode propagation. 
Using now electrodes with metallic and dielectric sections, multimode propagation is favored within the metallic part. 
By interference between these guide modes within the resonator free spaces, the amount of the resulting minimum's 
and maximum's of losses increases with an increasing portion of the anodized sections. This is due on the one hand to 
the reduced energy inside the guide ground mode caused by the splitting of the available energy into several propagat- 
ing guide modes within this metallic part. On the other hand the strong attenuation within the dielectric (anodized) 
sections, especially for those modes with large cross-sections leads to the absorption of an significant part of the re- 
maining energy inside the higher order modes at the walls. The whole energy inside the resonator decreases. The quali- 
tative behavior of the losses keep very similar to those for full aluminium electrodes, but with quantitative greater 
values. This is an indication for a similar mode composition inside the resonator configurations. 
As conclusion it can be said that the propagation of higher order modes could be attenuated using selective layered 
electrodes compared with pure aluminium, but not suppressed. Due to the splitting of available energy, combined with 
the high local attenuation (within anodized sections), the energy in the guide ground mode is reduced causing a deterio- 
ration of the energy ratio between ground and higher order modes. This leads by interference between modes to consid- 
erable deviations in the loss curve varying the fresnel number. 

4.    COMBINED METALLIC-DIELECTRIC ELECTRODES 

Another approach to obtain poor electrode gap sensitivity using less lossy metallic slab waveguide electrodes is to com- 
bine these with an additional much shorter dielectric slab waveguide with a fixed electrode gap like shown on fig. 4a. 
The macor electrodes operate as a both-sided spatial filter. 
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Fig. 4a: Combined macor-copper slab waveguide 
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Fig. 4b: Losses versus electrode gap for the lowest-loss mode 

By an increase of the gap of the copper electrodes, the difference between the electrode gaps of the metallic and dielec- 
tric slab waveguides rise continuously, causing an increasing diffraction of the beam formed inside the much longer 
metallic guide. Due to this diffraction, the losses rises steeply (fig. 4b) like expected for a one mode propagation with a 
diaphragm inside the resonator. But this steeply rise is interrupted by well pronounced local minimum's. These local 
minimum's characterise the constructive interference between at least two modes, expressing the fact that higher order 
modes could be attenuated but not completely suppressed through the spatial filters. The minimum's appear approxi- 
mately at the same position like for the resonator without the macor part, what means that the mode composition in- 
side the whole resonator kept mainly dominated by the longer metallic part and is qualitatively nearly not affected 
using the additional dielectric short slab waveguide. Outside the regions of constructive interference the influence of 
higher order modes decreases very fast, so that a laser operation there should deliver a good beam quality. Because of 
the steeply behaviour of the losses, the output power can vary sharply varying the fresnel number. 

5.   COMPARISON BETWEEN METALLIC ALUMINIUM AND COPPER ELECTRODES 

A comparison between the most used materials for metallic slab waveguide (copper and aluminium) has shown that, 
because of higher heat absorption in copper, a part of modes energy is wasted at the electrode walls during propagation. 
Modes with enough energy are nevertheless able to continue their propagation inside the guide. Those with lower en- 
ergy become critically decimate through the great amount of the accumulated losses by several round trips caused by 
successive absorption at the electrode walls. 
Using aluminium as electrode material the number of modes able to propagate inside the guide is higher than by cop- 
per because of the lower mode attenuation due to lower heat absorption at electrode walls. The energy inside the guide 
is shared by more modes. Varying the fresnel number (e.g. electrode gap) the phase shift between these guide modes 
also varied, causing alternating interference within resonator free spaces between guide and mirrors. The losses for the 
resulting resonator ground mode, which can be represented as a linear combination of those interfering guide modes 
are then characterized through several well pronounced alternating minimum's and maximum's (fig. 5b). 
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Fig. 5a and 5b: Losses versus electrode gap for the lowest-loss mode applying different mirror-guide distances 
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Using copper the number of these pronounced interference minimum's and maximum's decreases. Simultaneously 
these minimum's and maximum's become much more pronounced than by aluminium (fig. 5b) because of the splitting of 
the energy into only fewer guide modes. Through the synergy by constructive interference between these few modes, 
nearly the whole energy is concentrated into a single resulting resonator mode, which losses then become minimal like 
shown for 2a = 1.515 mm on fig. 5b. A laser operation at this position of the electrode gap is nevertheless very risky, 
because a slight variation is enough to move into the region of destructive interference with a much worse beam qual- 
ity. 
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Multikilohertz TEA C02 laser driven by an all-solid-state exciter 
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ABSTRACT 

A multikilohertz operation of a transversely excited atmospheric C02 laser driven by an all-solid-state exciter has been 
demonstrated. The exciter consists of a long life time high-voltage pulse generator employing a transistor equipment 
working along the principle of fourier synthesis. High voltage pulses with a maximum voltage of 50 kV, 2 us pulse 
duration, and a maximum pulse repetition rate of 17 kHz ignite the laser gas discharge. The electrodes have to be insulated 
by a dielectrieum like glass, which homogenizes the laser gas discharge so that no preionization is necessary. A small 
device of this multikilohertz TEA C02 laser reaches an average laser power of 140 W and a laser efficiency of 11 % at a 
pulse repetition rate of 17 kHz. 

Keywords: TEA C02 laser, dielectric barrier discharge, silent discharge, all-solid-state generator 

1.   INTRODUCTION 

The high-power, high repetition rate, transversely excited atmospheric (TEA) C02 laser is very useful in a variety of 
application fields. Especially in the domain of industrial applications, a reliable, long-life, closed-cycle TEA C02 laser is 
highly desirable in view of operational cost, the simplicity of maintenance, and the compactness of the laser assembly. The 
maintenance interval of the thyratron driven commercial laser system with 4 • 108 laser pulses is very short, creating high 
running costs. The maximum pulse repetition rate of commercial TEA C02 laser is about 500 Hz. 

Here we use a long-life all-solid-state generator in combination with a dielectric barrier discharge to excite a C02 laser at a 
pulse repetition rate of up to 17 kHz. In literature, fast axial flow cw C02 laser,1*3 sealed-off cw C02 laser4 and N2 laser5 

pumped by dielectric barrier discharge are described. 

2.   DESCRIPTION OF THE MULTTKTLOHERTZ TEA C02 LASER 

Figure 1 shows a diagram of a closed-cycle and transversely excited atmospheric C02 laser driven by an all-solid-state 
exciter. The exciter consists of a long-life time high-voltage pulse generator employing a transistor equipment that works 
according to the principle of fourier synthesis. High voltage pulses with a maximum voltage of 50 kV, 2 us pulse duration, 
and a maximum pulse repetition rate Qffrep =17.3 kHz ignite the laser gas discharge. Both electrodes are insulated by quartz 
glass, which homogenizes the laser gas discharge, making preionization unnecessary. The electrodes have an area of / x b = 
290 mm x 25 mm and / x b = 550 mm x 25 mm at discharge gaps of 11 and 26 mm, respectively. The optical resonator 
consists of a ZnSe output mirror with 0.5, 1 or 5 % transmission and a curvature of 5 m and a silicon back mirror with a 
reflectivity of 99.8 % and a curvature of 6 m. The cavity is 540 mm and 1000 mm in total length for the discharge gaps of 
11 mm and 26 mm, respectively. The laser gas is cooled by an axial flow which has a mean velocity of v = 1.25 m/s. The 
gas velocity was measured by a laser Doppler anemometer. 

* Correspondence: E-mail: wolfgang.vioel(^mf.fh-goettingen.de; WWW: http://www.pmf.fh-goettingen.de; Telephone: 
495513705218; Fax: 495513705101 
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Figure 1: Schematic diagram of the multikilohertz TEA C02 laser 

3.   HOMOGENTTY OF THE LASER GAS DISCHARGE 

Figure 2 shows a photograph of laser gas discharge with an exposure time of 400 ns during the high voltage pulse. This 
photograph proves that the homogeneity of the discharge is excellent. The change of the laser gas between two laser pulses 
is described by the 

clear ratio = v/(l ■/„,)■ (1) 

The clear ratio should be above 1.0 to ignite a homogenous laser gas discharge.6 Due to the dielectric stabilization of the 
gas discharge, no clear ratio is needed with a value above 1. The clear ratio of the laser system described here is only 
0.00013. 

Figure 2: Photograph of a pulsed laser gas discharge with an exposure time of 400 ns during the high voltage pulse 

4.   LASER OUTPUT POWER 

A small device of the multikilohertz TEA C02 laser that is driven by the all-solid-state exciter reaches an average laser 
power of 140 W at a pulse repetition rate of 17 kHz using a discharge gap of 26 mm. Thus, the laser system delivers a pulse 
energy of 8 mJ. The output mirror with 1 % transmission delivers the highest average laser output power. The optimum ratio 
He:N2 is about 1 and the best C02 concentration is 0.7 % as shown in figures 3 and 4. When using a laser gas mixture 
He:N2:C02 = 50.0:49.3:0.7, the optimum gas pressure is 230 hPa and laser power can be measured up to a gas pressure of 
400 hPa (see figure 5). When adding 10 % Xenon to the laser gas, the optimum gas pressure lies between 200 and 300 hPa 
and laser power can be measured up to 530 hPa. The laser efficiency reaches its maximum of 11 % at a gas pressure of 
250 hPa (see figure 6). The laser pulse duration is about 20 ps due to the low gas pressure of about 200 hPa. 

The laser device with 11 mm discharge gap can deliver laser power up to a gas pressure of 630 hPa, but the laser efficiency 
of about 4 % was relatively low compared to the 26 mm discharge gap. The optimum laser gas pressure was determined to 
be He:N2:C02 = 20:76:4. 
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Figure 3: Laser power versus He concentration at a constant C02 concentration of 1 % (average electrical input power: 400 W, pulse 
repetition rate: 17 kHz, gas pressure: 200 hPa, discharge gap: 26 mm) 
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Figure 6: Laser efficiency versus average electrical input power at a pulse repetition rate of 17 kHz for 11 mm discharge gap (He:N2:C02 

= 20:76:4) and for 26 mm discharge gap (He:N2:CO2=50.0:49.3:0.7) 

5.   CONCLUSION 

The multikilohertz TEA C02 laser excited by a dielectric barrier discharge driven by an all-solid-state generator is a 
promising candidate for low-cost, commercial, high-power C02 laser employed in material processing. The dielectric barrier 
discharge makes a preionization and a fast gas flow unnecessary to ignite a homogeneous laser gas discharge. 

6.   OUTLOOK 

The described multikilohertz pulsed C02 laser has been optimized to reach high average laser power. Yet, optimization of 
the laser peak power will still have to be done to reach laser activity at atmospheric pressure. 
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ABSTRACT 

Results concerning the polarization state measurements of the beam emitted by an industrial cw C02 transverse-flow 
laser working at 1.2kW are reported in the paper. A measurement procedure with a rotating analyser and a quarter-phase 
retarder, designed for a COs laser radiation is applied . The measurements prove that the optical beam transport system 
modifies the polarization of the laser radiation by increasing its ellipticity. The investigations of the temporal stability of the 
polarization show that polarization state of the investigated laser fluctuates considerably versus time. 

Keywords: high power cw C02 laser, polarization measurements 

1. INTRODUCTION 

Polarization dependent effects during material processing with C02 laser are well known1. Any fluctuations of the 
polarization can influence the efficiency of certain industrial processes. At high processing velocities, the welding depth as 
well as the cutting quality depends on the polarization direction Nevertheless, polarization properties of industrial C02 
lasers are not widely studied. It can be connected with a difficulty of monitoring of the high power beams when special 
diagnostic equipment is required. Moreover, results received for one type of a laser generally can not be applied for another 
characterised by the different resonator properties and active medium parameters determined by excitation conditions and 
flow structure in the laser excitation region. 

The results of the experimental investigations of the polarization of radiation emitted by an industrial cw C02 transverse 
-flow laser^excited by a self - sustained DC electric discharge and working at the output power range up to 1.2kW are 
reported in the paper. 

2, PROCEDURE FOR THE POLARIZATION MEASUREMENTS 

The laser under investigation works with a stable, semi-spherical resonator of three-pass configuration, which does not 
contain any additional polarization selective components. A flat total reflective mirror and a meniscus ZnSe output coupler 
of 10m radius of inner curvature and 50% of reflectivity form the laser cavity. Two additional flat reflectors folding the 
beam path across the working chamber are inclined at angles less than 5-deg to the beam optical axis. The cavity length is 
3.9m. The laser working chamber is closed with an antireflection coated ZnSe flat window (99.5% transmittance at normal 
incidence). The laser output beam is transported to the processing region by a beam guiding system of a II configuration 
composed by three flat mirrors inclined at angles of 45-deg to the beam axis. The polarization of the laser radiation has been 
tested at the laser output, and after the beam passing through the guiding system. 

For the polarization analysis, the measurement procedure3 have been was adopted in which the analysed beam is 
transmitted through an IR rotating polarization analyser. A time-varying signal of a sinusoidal shape, related to the angular 
orientation of the analyser, gives information on the polarization of the incoming radiation. Zero intensity at the signal 
minima indicates that incoming radiation is linearly polarized. For not linearly polarized beam, an additional polarization 
test is required through the measurements of the beam intensity after its transmission by both a quarter -wave retarder and a 
linear rotating polarizer. 

The schematic arrangements of the experimental setup for the polarization tests are shown in Fig.1. The linear 
polarizer, used in our experiment, is composed by two Ge plates, oppositely inclined at Brewster angle and mounted on the 
holder that was rotated manually or by an electric engine. The anise-tropic Ge crystal of electro-optic modulator of ML-8 
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type was used as a phase retarder. The operation modes of 
the crystal were tested for the linearly polarized beam of 
a probe C02 laser of power up to 100 W. NaCl Brewster 
window closing the discharge tube of the laser provides a 
linearly polarized output beam. The intensity of the laser 
beam transmitted through the retarding crystal and the 
rotating analyser was recorded for different values of the 
voltage applied to the crystal. It follows from the 
measurements that the crystal does not influence the 
polarization of the incoming radiation at zero voltage on 
its electrodes and that the phase retardation is linearly 
related to the applied voltage. As an example, the 
oscilloscope traces of the chopped laser beam intensity, 
transmitted through the retarding crystal and the rotating 

analyser, at different voltage applied to the crystal are shown in Fig. 2. At zero voltage the rotating analyser produces 
modulation of the laser beam to zero intensity (Fig2 A) what indicates the linear polarization of the tested radiation. At the 
voltage of 1.7kV the recorded signal shows only modulation corresponding to the laser output fluctuations. It means that the 
radiation emerging from the retarder is circularly polarized Hence at the voltage of 1.7kV the electro-optical cell with 
crystal of Ge introduces a phase retardation of 7i/2 between two orthogonal components of the linearly polarized radiation. 

Fig.l Experimental set-up for polarization analysis of the laser 
radiation: 1 - C02 laser generating radiation of linear 
polarization; 2 - mechanical chopper, 3 retarding crystal; 4 - 
rotating polarization analyser, 5 - electrical engine; 6 - ffi. 
detector. 

0.04 0.06 

Time, sec 

Fig.2. Intensity records of the output probe laser beam of linear polarization, transmitted through the retarding crystal 
and rotating polarizator: a) - at zero voltage on the retarding element; b) - applied voltage is 1.7 kV. 

The polarization of 1 kW cw C02 laser beam was tested according to the described above procedure. First the beam 
was examined for the linear and than for elliptical or circular polarization. The small part of the laser beam, passing through 
the polarization test optics (see Fig.l) was monitored by the infrared Hg-Cd-Te detector and recorded by a digital 
oscilloscope. The main polarization characteristics like degree of polarization, azimuth and ellipticity angles 3 were found 
by recording the intensity transmitted through the analyser versus its angular position and comparing the maximum and 
minimum readings at the detector. The intensity ratio Imu/Im^ and the contrast defined as Q = (Imax-Irmn)/( Imax+Imir) were 
found and compared for the experimental arrangement without and with a quarter- phase retarder, respectively. The azimuth 
angle 0 of the ellipse is given by the direction of the main polarization component, corresponding to the maximum 
intensity, relatively to the horizontal axis. The ellipticity of the radiation is defined by the ratio of the minor and major semi- 
axes ImiJImax of the ellipse and ellipticity angle s is the angle equal to s = arctgQnir/I^. Having the azimuth and ellipticity 
angles the Stockes parameters can be found 4: 

The temporal stability of the polarization state of the laser radiation was investigated by simultaneous monitoring 
the main polarisation components IP, and Is, versus time. They separated from the incoming radiation by the polarizer were 
directed to two fast infrared detectors. The detected intensities, polarized in the perpendicular planes, were recorded on a 
digital oscilloscope. 

3. MEASUREMENT RESULTS 

The signal of the laser intensity transmitted through the rotating analyser is shown on Fig. 3a. The measured 
minimum and maximum intensity ratio is from the range 0.71-0.82 while the contrast is estimated to be between 0.1 and 
0.16. The quarter wave retarder inserted in the optical path, in front of the analyser, leads to deeper modulation of the laser 
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intensity (Fig.3b). The intensity ratio and contrast are then from the range 0.54-0.6 and 0.25-0.3, respectively. Solid line in 
Fig.3 and in the following ones corresponds to the sine square function fitting to the experimental data while the dot line 
corresponds to the polynomial fit The both fitting curves give the same values for the period of the intensity modulation as 
well as very close values for the average depth modulation The slightly different values for l^n and /M given by the 
following maximum and minimum of the polynomial curve indicate that the polarization characteristic of the investigated 
radiation vary versus time. 

Applying the terminology suggested by ISO document3 one can conclude that the laser radiation, examined at the 
laser output, is partially elliptically polarized, £=35°-39° and Öfe50°. 

20      40 60      80     100    120    140    160    180 

Turn angle, deg 

60      80     100    120    140    160    180 

Turn angle, deg 

Fig.3. The laser beam intensity versus the angle position of the polarizer: a) - the laser beam is passing only through 
the rotating polarizer, b) - electro-optical wave retarder is inserted in the beam path in front of the polarizer 

In order to investigate the influence of the three-mirror beam transport system on the polarization characteristics 
the intensity measurement procedure with the rotating analyser was repeated for the beam at the output of the optical duct 
(in the processing region). It follows from the data depicted in Fig.4,a that the transport optical system decreases the 
intensity ratio and increases the contrast, compared to the corresponding results recorded at the laser output The 
oscilloscope traces obtained for the system with the quarter wave retarder are shown in Fig.4,b. The use of the retarder 
results in decreasing of the intensity ratio and increasing of the contrast. Corresponding values are equal to 0.18-0.25 for 
intensity ratio and 0.6-0.67 for contrast. 

1,2- ^„=.918 l.„=.618 ■ 

1,0- 
Q=.195 

■ 

(ft. 
c 0,8- 

•9 

■a. 

| 0,4- 

^L_ ■            ■■•'~ls 
^1     ^y» ■ 

.       ■ \ 

0,2- a) 

0,0- 

50        100.      150       200       250       300       350 

Turn angle, deg Turn angle, deg 

Fig.4. Laser radiation intensity measured at the output of the beam transport system: a) - the laser beam is passing only through 
the rotating polarizer, b) - the electro-optical qurter wave retarder is inserted in the beam path. 

The observed shift of the minimum (maximum) intensity position recorded in the system without and with the 
retarder indicates 5 that the polarization state of the light can be characterised as a mixture of the linearly and elliptically 
polarized components. It can be concluded finally from the presented results that the optical beam transport system modifies 
the polarization of mcoming radiation by increasing its ellipticity. From the measurements taken at the output of the 
transport system (Fig.4) it follows that <S«50o

5 ellipticity s lies within the angle interval of 31°-35°. 
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The results concerning the temporal behaviour of orthogonal polarization components, IP and Is, are gathered in Fig.5. 
In this figure, the time evolution of the total laser power and the intensities of p- and s- polarized components are compared 
for different time intervals (10 ms and 0.8 ms.). The laser beam was mechanically chopped at the laser output The signals 
from both detectors corresponding to the polarization componens IP and Is show 'antiphase' variations. Minimum of ls 

corresponds to maximum Ip and vice versa so the total power remains nearly constant. It is especially clear for the time 
interval of 0.8 ms, when the radiation, changes its polarization state two times e.g. from the only p-type to the s-type . 

£• 1 ,5 

s 

a 

« 0,5 
o 
H 

8.0 

. 0,0 
2,8 3,0 

3,2 

T im e ,m sec Time, m sec 

Fig.5. Temporal behavior of the laser power and intensities of orthogonal polarization components 
measured at different intervals of time 

4. CONCLUSION 

The polarization state measurements for the industrial lkW cw C02 laser beam were performed according to the 
procedure in which the beam was tested for the linear and then for the elliptical or circular polarization. The beam 
polarization and its basic characteristics like the degree of polarization, azimuth and ellipticity angles were found. The 
detailed measurements show that the laser beam is partially elliptically polarized. The transport optical system modifies the 
polarization of the incoming radiation by increasing its ellipticity. It was discovered that the polarization state of the 
investigated laser fluctuates considerably versus time. 
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ABSTRACT 
A compact and efficient multi-joule TEA C02 laser using the modified overshoot mode (MOM) magnetic-spiker sustainer 
(MSS) excitation technique is described, giving an enhanced laser performance at a significantly reduced spiker switching 
energy (typically -5% of total input energy) necessary for producing a stable discharge. A laser output energy of 7.1J was 
obtained with an overall efficiency of -13.5%. The implementation of this technique in a dual module 10J TEA C02 laser is 

also successfully obtained, demonstrating the scalability of this technology to high pulse energy (>10J) systems. 

Keywords: TE/TEA C02 lasers, gas discharge, pulse power and switching technology 

1. INTRODUCTION 
Spiker sustainer excitation was originally introduced to sustain quasi-continuous-wave (cw) discharges for the production of 
efficient C02 laser operation at low pressure1"3. The essential idea of the spiker-sustainer approach for producing a stable 
high power density discharge is to operate the discharge in a sustained mode at low value of E/N and use some independent 
method (spiker) requiring only a small amount of energy to generate the current carriers in the plasma volume. The laser 
plasma control in this scheme is therefore one with two "knobs" - one controlling electron density, the other electron 
temperature. Consequently the dominant amount of energy is put into the gas by the sustainer exactly where it is desired, 
i.e., in vibrational excitation of N2 and C02. Since its successful and widespread application to excimer lasers4"7, in the last 
few years spiker sustainer excitation has been increasingly researched for application to TE/TEA C02 lasers, particularly as 
a means to overcome the long standing limitations of conventional systems, namely low efficiency and limited lifetime of 
the high power switch devices used. Results have demonstrated greatly enhanced laser performance8"10 along with the 
notable feature of variable to long pulse operation12"13. However, in these systems a very high spiker pulse, and hence a 
relatively high switching energy (-20% of total input energy), is required for producing a uniform discharge in the 
magnetic switch operational mode912. Hence a large volume of magnetic material is needed and the magnetic switch in the 
form of a saturable pulse transformer, used to isolate the spiker and sustainer, tends to be rather bulky . This poses serious 
problems of reliability and stability of the discharge for high repetition rate operation, resulting from degradation of the 
quality and performance of magnetic material due to the temperature rise in the cores caused by high magnetic core loss 
which is directly proportional to the volume of magnetic material. 

In this paper we report on the development of a new operational mode, i.e. modified overshoot mode (MOM), of magnetic- 
spiker sustainer discharge technology for multi-joule TEA C02 lasers that reduces the required spiker energy and volume of 
magnetic material used by more than 50%, providing an enhanced laser performance. As first described by Taylor et alu, 
in the MOM mode operation the spiker pulse VSP is only required to be high enough to barely overcome the voltage Vs 

applied to the sustainer capacitor, compared with the spiker pulse VSP > | Vs+Vbr | required in the magnetic switch mode 
operation, where Vbr is the breakdown voltage. The spiker energy switched through a thyratron and the volume of magnetic 
material used are therefore greatly reduced since the voltage isolation capability of the magnetic switch is governed by 

VAt=ABA, where At is the pulse duration, AB the magnetic flux swing and A the total cross section area of the core. 

2. MOM MSS EXCITATION CONFIGURATION 
The schematic of the new MOM operational mode spiker-sustainer discharge circuit along with the dual laser heads is 
shown in Fig. 1. As seen, the electrical circuitry consisted of a sustainer capacitor (main energy storage capacitor) Q, 
connected across the laser head in series with the secondary winding of a saturable coupling pulse transformer Tr and a 
spiker pulse generation circuit connected in series with the primary side of the transformer Tr. The saturable coupling pulse 
transformer Tt was used to provide dc isolation between the spiker pulse circuit and the sustainer pulse circuit, and to 
impose a high voltage spiker pulsar onto the main discharge electrodes when the thyratron in the spiker circuit was fired. 
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The sustainer capacitor Q was charged up by a high voltage power supply PS, to a voltage Vs that was well below the self- 
breakdown level of the gas mixture in the volume between the main 
electrodes. The preionization and spiker pulse were generated when 
the capacitor CSP in the spiker pulse generation circuit, previously 
charged to a similar voltage VSP by another HV power supply PS2, 
was discharged by a triggered thyratron into the primary winding of 
the pulse transformer Tr. The resulting negative high impulse 
voltage produced on the secondary winding of Tr was imposed 
across the laser head causing the UV-preionizers connected across 
the main electrodes to breakdown through small ballast capacitors. 
However, the core was designated to be saturated when the voltage 
across the laser head reached zero or close, and hence no gas 
breakdown took place at this point. Then, the peaking capacitor CPI 

was rapidly resonantly charged up by the sustainer capacitor Q to a 
positive high voltage which was sufficient to cause gas breakdown 
in the volume between the main electrodes. This was followed by 
the main discharge current being rapidly drawn into the plasma from 
the main energy storage capacitor Cs through the secondary winding of Tr, now saturated, resulting in a high energy 
volumetric glow discharge. 

Fig. 1 Schematic of MOM MSS excitation for a dual 
discharge 10J TEA CO, laser 

3. LASER PERFORMANCE 
The laser head assembly used in this investigation was a traditional Lumonics TEA C02 laser model K-901. It consisted of a 

pair of Rogowski-profiled brass electrodes which were separated by 3.3cm, defining an active discharge volume of ~42cm 
x 33cm x 3cm (416cm3). Ultraviolet (UV) preionization of the gas mixture was provided by an array of sparks created 
between pairs of pin electrodes on each side of the main electrodes. The pin electrodes were individually ballasted by small 
knob capacitors (570pF each) and connected across both sides of the main electrodes ( 7 x 2 on either side). The laser head 
was housed in a gas-tight Al drum with the laser cavity mounted directly on its flanges at both ends. The laser resonator 
consisted of a 10m radius of curvature, 2.5-inch diameter gold-plated copper mirror with a reflectivity of 100%, and a 3- 

inch plain Ge output coupler with a reflectivity of 65%, defining a cavity length of ~100cm. For measurement of laser 
output energy, a calibrated pyroelectric joule meter (ED500, Gentec) was used. The laser was operated at a fixed pulse 
repetition rate of 05 pps, limited only by the high voltage power supplies. A laser gas mixture of C02 : N2 : He = 12 : 14 : 
74 at atmospheric pressure was. used in this investigation. 

In the MSS excitation scheme, the peak spiker voltage, 
VSP, generation capability of the transformer Tr is 
governed by 

lu.s/div 

1   1 

J 
V p 

VSPAT/2 * ABANp (1) 
where AB and A are the maximum available flux swing 
and the total cross-section area of the cores, Np is the 

number of turns of the primary winding and AT the 

pulse duration in the spiker phase, respectively. AT may 
be estimated by: 

AT=TI (LLC)"
2
,     C=CPI//CSP//CS     (2) 

where LL was the leakage inductance of the transformer 
Tr,   and   CPI,   Q,»   and   Q   the   nominal   preionizer 

capacitance, spiker capacitance and sustainer capacitance, respectively. The saturable coupling pulse transformer for MOM 

magnetic-spiker sustainer operation was designed and optimized based on Eqn (1) and (2) with VSP ~ Vs. The transformer 
Tr was constructed with 20 Siemens R58/N30 ferrite toroids, only -50% of the core volume compared with the switch mode 
operation, and had three primary turns and three secondary turns of high voltage insulated cable. The entire saturable 
coupling pulse transformer assembly was put in a Perspex tank, filled with transformer oil, to avoid high voltage 
breakdown. 

(a) 

Fig. 2 Discharge waveforms of (a) voltage and (b) current. 
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Initially, only a single laser head assembly was used in this study. It was observed that stable glow discharges could be 

obtained in the laser gas mixture at atmospheric pressure for various values of sustainer capacitance up to ~140[iF over a 
wide range of charging voltages on the sustainer capacitor Q, from 13kV to 32kV. The minimum spiker energy for 
generation of glow discharge was found to be -2.7J, representing only 
-5% of total input energy, which is about quarter of that required in 
the switch mode operation912. The typical discharge current and 
voltage waveforms across the laser head are shown in Fig.2. It should 
be pointed out that the polarity of the spiker pulse was opposite to that 
of the sustainer pulse (Vs). A stable glow discharge could be obtained 
only at a low energy loading over a very limited range of operating 
voltages of ~18kV - 22kV when the spiker and sustainer pulses have 
the same polarity. 

Csp=15nF 

12 16 20 24 28 

Charging Voltage On Sustainer Capacitor (kV) The laser pulse energies experimentally obtained are shown in Fig.3 
as a function of charging voltages on the main storage capacitor Q for 
different values of capacitances, and for various spiker capacitances 
Qp. As seen from these plots, a maximum laser output energy of 7.1J 
was obtained with an overall efficiency of -135% when a 0.12(j,F 
sustainer capacitance was used at a charging voltage of ~29kV with a 
spiker capacitance of 15nF charged up to ~27kV. This corresponded a 
specific output energy of ~17.2J/l.atm. The maximum input energy 
that could be deposited into the plasma below arcing threshold was 
found to be -55.6J giving an energy loading limit of 134J/l.atm. In 
addition, the laser system could be operated over a wide range of 
charging voltages on the main storage capacitor Q with the threshold 
voltage as low as 13kV. Nevertheless it was found that with the 
minimum spiker capacitance of 75nF the laser could only be operated 
for a sustainer capacitance up to 0.12uF at a maximum charging 
voltage of 27kV. It was also observed in the experiment that the 
energy stored in the sustainer capacitor Q could not be fully absorbed 
by the plasma at the end of discharge, and the voltage Vf left on Q 
was found to be ~8kV. Hence the total input energy was calculated by 05(CspVSP

2 + (Q+Cp,) Vs
2 - QV,2). The dependence 

of laser efficiency on input energies is shown in Fig.4(a) for different values of sustainer capacitance Q and in Fig.4(b) for 
various spiker capacitance Qp, respectively. Fig. 5 shows the laser pulse shape for different gas mixtures, measured by the 
Ge photon drag detector. As seen, the gain-switched spike of the laser pulse is considerably reduced while the most of the 
laser energy is carried in the exponentially decayed laser pulse tail. This may have some advantages in laser surface 
treatment of materials where the air plasma, caused by a very high gain-switched spike of the laser pulse from a 
conventional system, prevents the laser energy from being efficiently coupled onto the work piece. 

(a) 

7 - 
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^   6 - y?? 
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Charging Voltages On Sustainer Capacitor (kV) 

(b) 
Fig. 3 Laser pulse energy as a function of charging 
voltage on Cs (a) for different values of Q and (b) various 
spiker capacitances. 

The MOM magnetic-spiker sustainer excitation 
scheme was further investigated to create a 
volumetric glow discharge for scaling up in high 
output energy (>10J) from TEA C02 lasers. Two 
identical 5J laser head modules described above 
were connected in parallel in this investigation to 
simulate a 10J TEA C02 laser, which was roughly 
equivalent to doubling the discharge length and 
hence the discharge volume. It was found that 
stable discharge could be obtained in this dual 
discharge system within a range of charging 
voltages on the main storage capacitor Q from 
20kV to 26kV with the same pulse transformer Tr, 
a  0.22U.F  sustainer  capacitance   and   a   spiker 

Fig. 4 Laser pulse for different gas mixtures at atm pressure (a) C02:N2:He=l:l:6, 
and (b) C02:N2:He = 1:3:9 
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capacitor of 20nF charged up to 27kV. However the discharge 
was more sensitive to gas contamination mainly due to 
unbalanced energy distribution between the two modules. The 
experimentally obtained laser output energy and overall 
efficiency from this dual discharge laser system is depicted in 
Fig. 6 as a function of charging voltages on the sustainer 
capacitor Q. As seen, maximum output energy of 9.7J was 

obtained at the maximum charging voltage of Vs=;26kV, 
representing an energy loading of 100.7J/l.atm, with an overall 
efficiency of 12.7%. It should noted that no attempt was made 
towards optimising the transformer Tr for operation of this dual 
discharge laser system, and unbalanced input energy distribution 
between the two modules occurred resulting in the formation of 
hot filaments in either one of the modules at a large energy 
loading above 26kV; otherwise higher output energy should be 
obtained at higher energy loadings. 

Fig. 5 Laser pulse energy and overall efficiency as a function of 
charging voltages on Q for a dual discharge TEA C02 laser. 

4. DISCUSSION 
The MOM magnetic-spiker sustainer excitation for TEA C02 lasers described in this paper has provided some important 
operational features. The very low minimum spiker energy (~2.7J) required for stable discharges offers a promising 
prospect for using low rating and inexpensive high voltage switch devices in these lasers. This also has important 
implication for the development of compact, lightweight and effective all-solid-state-switched multijoule laser systems 
utilizing magnetic pulse compression techniques. In addition, the magnetic material used in the MOM operational mode 
was reduced by -50%, favouring operation at high repetition rate due to reduced thermal effect on the core. It should be 

noticed that in this investigation the magnetic core was operated in resetless mode with a maximum flux swing of AB » Bs 

because of the narrow B-H hystersis loop of the fast ferrite used, giving a pulse-to-pulse reproducibility better than 2%. 

Magnetic material with flatter B-H curve may be used with a maximum flux swing of AB ~ 2BS to further minimise the core 
volume used, e.g. Metaglas. However, some sort of technique is needed to reset the core in this case, introducing extra 
complexity. Further the successful implementation of this technique in a dual module 10J TEA C02 laser has demonstrated 

the scalability of this technology to high pulse energy (>10J) systems. 
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Effect of gas decomposition in multi-joule TE/TEA C02 lasers excited by 
magnetic-spiker sustainer technique 
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ABSTRACT 
Investigation of the effect of dissociation products on the discharge stability and laser performance of TE/TEA C02 lasers 
using magnetic-spiker sustainer excitation technology is presented. The tolerance of the discharge to 02/CO concentration is 
determined, giving improved results to that found in conventional systems. Both solid state and gaseous catalyst are also 
investigated for extending operational lifetime of the laser gas mixture. 

Keywords: TE/TEA C02 lasers, gas discharge, gas decomposition, catalysts, operational lifetime 

1. INTRODUCTION 
It is well known that the molecular gases in C02 lasers are decomposed by electron impact during the excitation discharge. 
The most important reactions of the molecular gas decomposition in the laser gas mixture are the neutral dissociation and 
dissociative attachment as follows: 

C02 + e" -> CO + O + e" (1) 
C02 + e" -> CO + O- (2) 
O" + O o 02 + e" (3) 

Together with the other constituents in the mixture, the reaction products CO, O, and O" cause many subsequent species as 
well as various negative or positive ions, which tend to destabilize the discharge and severely degrade the laser 
performance. This has long been recognized as the major limiting factor to the operational lifetime of closed-cycle high 
power TE/TEA C02 lasers, operated at high repetition rate, required in a wide range of industrial applications. 

In the last few years, there is substantial interest in use of magnetic-spiker sustainer (MSS) discharge and switching 
technology to drive multi-joule TE/TEA C02 lasers for providing a reliable, infinite lifetime switching, and enhanced laser 
performance, notably high efficiency, variable pulse duration and tailored pulse shape." Nevertheless, little attention has 
been paid to the effect of gas decomposition in these lasers on long term closed-cycle operation. It is known that the gas 
decomposition rate is proportional to the electrical energy deposited into the laser plasma, and the dissociation cross section 
depends strongly on the electron temperature Te. Unlike the conventional TEA C02 lasers where the value of E/N is much 
higher than that required for efficient excitation of molecular gases, for lasers driven by MSS technology a high value of 
E/N is only applied with a small amount of energy in the spiker phase which is followed by the sustainer pulse depositing 
the main energy into the laser plasma with the electron temperature Te kept relatively low to the optimum value. It may be 
therefore anticipated that the gas decomposition in such lasers will be substantially lower than that found in conventional 
systems. 

In this paper, we report on an investigation of the effect of molecular gas decomposition on the discharge stability and laser 
performance of a multi-joule TE/TEA C02 lasers using the magnetic-spiker sustainer excitation techniques, both switch 
mode and modified overshoot mode (MOM) operation. Both solid state and homogeneously gaseous catalysts were also 
investigated for extending the operational lifetime of the laser gas mixture for these lasers. 

2. INVESTIGATION OF GAS DECOMPOSITION 

2.1 Measurement of generation rate of dissociation products - O2/CO 
In this section TE C02 lasers driven by the switch mode magnetic-spiker sustainer excitation scheme3'4 were investigated 
for evaluating the suitability of this technology in regard to the generation rate of dissociation products with respect to that 
of conventional methods. The experimental set-up is schematically shown in Fig. 1. The laser head assembly was housed in 
a glass envelope with high vacuum integrity to minimize the problem of gas contamination caused by air leakage and 
degassing from the material of the laser chamber. A quadruple mass spectrometer (SuperVac) was used to analyze the laser 
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gas mixture. The mass spectrometer head was placed in the gas flow loop 
for in-situ measurements of dissociation products, in particular O2 and 
CO, along with leakage valves to control the amount of sample gas. A 
sputter ion pump or turbomolecular pump was used for pumping the mass 
spectrometer chamber down to ~10"8 torr for accurate measurement. 
Before the actual measurement, the mass spectrometer was calibrated for 
02 with respect to He as He was the stable constituent in the laser gas 
mixture and its concentration did not change during the laser operation. It 
was not possible to measure accurately the concentration of CO by the 
mass spectrometer used in this investigation as the mass number of CO 
and N2 were the same at 28. To do so, a mass spectrometer with a higher 
mass resolution was needed. However, as noted, even a small amount of 
02 in the laser gas mixture was most detrimental to producing a stable 
discharge, and hence its measurement provided sufficient information on 
the suitability of magnetic-spiker sustainer excitation method. 
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Fig. 1 Schematic of gas decomposition study 
The laser was operated under both short and long pulse excitation at a 
repetition rate of ~ Oüpps, using a helium-free gas mixture of C02+N2 (1:3) = 300 torr with addition of 15torr H2 at half 
atmospheric pressure. At the end of operation a small amount of the sample gas was introduced into the mass spectrometer 
chamber for analyzing. It was found that at the end of ~500 shots, -1.2 torr (037%) 02 was produced in the gas mixture, of 
which ~80% was contributed mainly from the (preionization + spiker) circuit while only 20% was contributed from the 
sustainer circuit. Comparing these findings with those obtained using a conventional excitation circuit for short pulse 
operation under similar conditions and for the same number of shots, 02 produced in the discharge was ~15torr (0.46%), 
~25% higher than that with magnetic-spiker sustainer circuit. This demonstrated that in regard to the generation rate of 
dissociation products, the magnetic-spiker sustainer excitation technology compared favourably with conventional methods. 
In addition, no oxide of nitrogen was detected in the experiments, nor ozone. Therefore, the dissociated products, 02 and 
CO, were assumed to be primarily responsible for arc formation. 
Further investigation was undertaken for long pulse operation with 
addition of a small amount of CO to the laser gas mixture. Although 
arcing occurred at the end of -7000 shots, analysis of the gas mixture 
revealed that 02 could not be detected. This was in contrast to our 
expectation according to the reaction kinetics. It appeared that OH and 
H in the discharge reacted to form water vapor (H20) though this 
could not be confirmed by mass spectroscopy due to a significant 
background of H20 signal in the mass spectrometer. 

22 Tolerance to dissociation products - 02/CO 
To determine the tolerance of the discharge to the dissociation 
products, 02/CO, the multijoule TEA C02 laser using MOM 
magnetic-spiker sustainer excitation technique1 was investigated for 
the laser gas mixture seeded with a small amount of 02 or CO. The 
laser system was operated in the sealed-off mode at a repetition rate of 
~ lpps with the gas mixture of C02:N2:He = 12:14:74 at atmospheric 
pressure. 

To determine the effect of 02 on the discharge stability, "contaminated 
gas mixtures" were used by deliberately adding a known small amount 
of 02 to the laser gas mixture. Fig. 2 shows the input energy loading 
as a function of the oxygen concentration in the gas mixture for 
various values of sustainer capacitor Q and at different spiker 
energies. As seen from these plots, the input energy loading decreased 
with the 02 concentration rise for all values of sustainer capacitance at 
a given spiker energy. It was found that the energy loading was 
dramatically reduced to only half of that found in the clean gas 
mixture when the 02 concentration was increased to -1.6%. Beyond 
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Fig. 2 Tolerance of discharge to 02 (a) for various 
sustainer capacitances, and (b) different spiker energies 
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these limits, discharges always collapsed into hot filaments while the 
discharge of longer duration was more sensitive to the oxygen 
contamination. It was also observed experimentally that when the 
oxygen concentration reached a critical level [02]c, the operating 
voltage on Cs did not decrease further with increase of O2 in the gas 
mixture. Nevertheless, the input energy loading was found to be only 
~72 J/l.atm at [02]c, independent of the sustainer capacitance and spiker 
energies, and the discharge unstable, hence of little practical 
significance. From these findings, it is concluded that an acceptable 
level of oxygen concentration was ~0.8% for a typical input energy 
loading of ~110J/l.atm in this laser, comparing well with that (-05%) 
obtained in conventional TEA C02 lasers of similar discharge volume5. 

1 is 

CO Concentration (%) 

(a) 

The effect of CO on the discharge quality was also investigated in a 
similar way to that described above by adding a small amount of CO to 
the laser gas mixture. The dependence of the input energy loading as a 
function of the CO concentration is shown in Fig. 3 for various values 
of sustainer capacitance and at different spiker energies. The dashed 
lines in the figures denote the situation for which the stable discharge 
was difficult to maintain or accompanied by an increasing rate of arcing. 
As seen from these graphs, there was no significant effect on the 
discharge stability with CO in the gas mixture up to ~2% for the 
sustainer capacitor up to 0.12|iF at a higher spiker energy, except the 
change of discharge colour from pink to white blue. However, the input 
energy   loading   decreased   dramatically   with   increase   of   CO 
concentration for a larger value of sustainer capacitance, which implied 
that the discharge of longer duration was rather sensitive to CO. It was 
found that the tolerance of the discharge to CO degenerated enormously 
at smaller spiker energy. It was observed that with CO greater than 2% 
the discharge remained unaffected for the sustainer capacitance of O.lnF 
at spiker energies above 3.4J. Nevertheless, a stable discharge could not be obtained for the larger sustainer capacitances at 
the same spiker energy with the concentration of CO in the mixture above ~0.7%. The findings may imply that with 
sufficiently high spiker energy the discharge ignores the presence of CO completely over a large concentration region of 
CO. 
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Fig. 3 Tolerance of the discharge to CO (a) for various 
sustainer capacitances, and (b) different spiker energies 
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3. EFFECT OF SOLID STATE AND GASEOUS CATALYST 
Gaseous additives have been used in conventional TEA C02 lasers resulting in remarkable improvement of the operational 
lifetime of the gas mixture. For example, the addition of a small quantity of CO, which we have seen does not have adverse 
effect on the discharge, was used to bias the dissociation reaction 
in the reverse direction, so that some of the oxygen produced could 
recombine with the CO and reform C02. Further a mixture of CO 
and H2 added to the C02 laser gas mixture has been found to act as 
homogeneously gaseous catalysts in C02 lasers with a moderate 
C02 concentration. As proposed by Smith et af, in the presence of 
H2 OH radicals are formed and the reformation of C02 occurs 
through the reactions: 

C02oCO + 0 (4) 
O + H2 -» OH + H (5) 
H + 02-»OH+0 (6) 
CO + OH -> C02 + H (7) 

Hence in effect 02 and CO were recombined to form C02 with 
hydrogen made available to repeat the reaction cycle. The C02 

reformation was, therefore, accelerated by the OH radicals derived 
from H2 or H20 due to large kinetic rate coefficient of reaction (7).      FiS-4 Operational lifetime with gaseous/solid state catalysts 
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The effectiveness of the addition of a mixture of CO and H2 to the laser gas mixture as a homogeneously gaseous catalyst 
was investigated for extending the operational lifetime of the laser medium in the TEA C02 laser using  MOM magnetic- 
spiker sustainer excitation scheme. The laser system was operated in sealed-off mode at a pulse repetition rate of ~30pps 
with the sustainer capacitor Cs=0.1ixF and spiker capacitor Csp=15nF charged to a voltage of 27kV. The gas mixture of C02 

: N2 : He = 8 : 16 : 76 at atmospheric pressure was used in this investigation. In order to make a direct comparison the solid 
state catalyst Pt/Pb on Se02 in the form of honeycomb was also examined for restoration of dissociated C02 molecules in 
the discharge for extending the operational lifetime of the laser gas mixture. The overall dimensions of the solid state 
catalyst was ~ 48 x 6 x 2.5 cm , roughly as long as the discharge 
volume. The honeycomb was placed in the gas circulation loop in the 
laser chamber, in parallel to the main electrodes facing the gas flow. 
There was no significant degradation in  the laser performance at 
repetitive operation observed due to the obstruction to the gas flow 
caused by the honeycomb. A typical result of the fall in the laser output 
energy with number of shots is shown in Fig. 4 for the gas mixture with 
and without the catalysts. As seen ~2.7xl05 shots in sealed-off operation 
within one gas fill was obtained with addition of 2% CO and 05% H2 to 
the laser gas mixture. These plots explicitly indicate that though both 
types of catalysts resulted in a considerable improvement in extending 
the operational lifetime of the laser medium, homogeneous gaseous 
catalysts were more efficient than solid state catalyst at least by factor of 
2 when a laser output energy at the level of ~ 80% of the initial laser 
output was to be  retained. It  should  be pointed  out  that  higher 
concentration of CO above 2% and H2 above 05% did not result in any 
significant improvement in the operational lifetime of the gas mixture but dropped the laser pulse energy. The effect of 
addition of CO+H2 mixture on the laser performance, in particular the laser output energy, was investigated. Fig. 5 shows 
the laser output energy as a function of the CO concentration and H2 concentration in the laser gas mixture. It was observed 
that the laser output energy decreased with increase of CO and H2. This is because in the presence of CO in the gas mixture, 
the resonant energy transfer from the vibrational levels of CO to the C02 upper laser level (00°1) is less efficient than that 
from N2 due to a larger gap in vibrational levels between CO and C02 and the smaller vibrational excitation rate coefficient 
of CO. It is well known that the C02 upper laser level is rapidly depopulated by H2 due to its large relaxation kinetic rate 
coefficient. 
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Fig. 5 Effect of gaseous catalysts on laser output energy 

4. DISCUSSION 
Our experiments have identified 02 to have the dominant effect on the discharge stability, the spiker pulse and spark 
preionization giving the major contribution to the C02 decomposition since a very high E/N was applied to the discharge 
during the spiker phase which is well known to enhance the dissociation of C02. However, it was not possible to determine 
the individual contribution from preionization as the preionization and spiker circuit were tightly coupled. A mixture of CO 
and H2 was demonstrated to be a superior catalyst to the solid state converter in extending the operational lifetime of the 
laser gas mixture. In general our findings show the operational lifetime of TEA C02 lasers using magnetic-spiker sustainer 
comparing favorably with that of conventional discharge systems. 
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ABSTRACT 

We stabilized an optical power of RF excited slab C02 laser on the pick of the Doppler broadened gain curves 
using an optogalvanic effect generated from the laser itself. The power stability is greatly improved to 2.9 %. We suggest 
that this method can be applied for frequency and power stabilization of other kinds of RF excited laser, for example, Xe and 
CO laser. 

Keywords: slab laser, optogalvanic effect, power stabilization, radio frequency, C02 laser 

1. INTRODUCTION 

We report power stabilization method for RF excited slab C02 laser using optogalvanic effect. The optogalvanic 
effect is a change in the electric impedance of a discharge caused by illuminating the discharge with radiation having a 
frequency corresponding to an atomic or molecular transition in the discharge111. Optical output and frequency of a laser 
depends on an interval between two mirrors which constitute a cavity of the laser. Accordingly, the laser power and 
frequency is stabilized when the above interval, namely, cavity length, is stabilized to be constant. Many methods12,31 were 
developed to stabilize an RF excited C02 laser. However, until now, the RF excited slab laser lacked a simple and reliable 
stabilization method. We stabilized the length of unstable resonator to the pick of the Doppler broadened gain curves using 
an optogalvanic effect generated from the laser itself, thereby stabilizing the optical power without requiring any specific 
unit to be arranged inside or outside of a laser cavity. 

The optical output of a gas laser using a unstable resonator depends on an optical length of the cavity. For this 
reason, in order to stabilize the optical power and oscillating frequency of the laser, it is important to prevent the optical 
length of the cavity from being affected by the environment where the laser is used. Otherwise, a variation of the optical 
cavity length should be compensated. In other words, the optical length of the laser cavity, which may vary depending on 
the environmental temperature, mechanical vibrations, and variations of the pressure of laser mixture, should be kept 
constant. 

A variation in laser radiation flux occurring in the laser cavity results in variations of laser beam intensity1"1, 
spectrum distribution, gas pressure, discharge current, and discharge impedance. In this regard, when vibrations of a certain 
frequency (for example, 520 Hz) are applied to a piezo electric transducer mounted under one of unstable resonator mirrors, 
the optical length L of the laser cavity vibrates at the same frequency with the amplitude of AL. The intensity of laser beam 
is modulated at the same frequency as that of the cavity length, along a laser gain characteristic. When the average mode 
frequency of the laser beam intensity is lower than the central frequency of the gain profile, the laser beam intensity has a 
phase opposite to that of the impedance variation AZ. On the other hand, where the avtrage mode frequency is higher than 
the central frequency, the impedance variation AZ increases correspondingly to a difference of the mode frequency from the 
central frequency. In such a way, a considerable variation in the radio frequency discharge impedance occurs even when a 
slight variation in laser beam intensity occurs in the laser cavity. For instance, an intensity variation of only 1 % results in a 
considerable variation in the radio frequency discharge impedance corresponding to about 0.1 % t3]. Based on such an 
impedance variation in the laser cavity, a variation in incident or reflected radio frequency energy is detected. Based on the 
detected signal, a frequency discriminator generates an error signal which is, in turn, fed back to the piezo electric 
transducer, carrying out a optical output and laser frequency stabilization by optogalvanic effect. 
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2. EXPERIMENTAL APPARATUS 

FIG. 1 shows the diagram of our laser optical power stabilization apparatus. The radio frequency excited slab C02 

laser used is of an water cooled sealed off type. The laser cavity total length was of 646 mm, formed by the unstable 
confocal positive branch off-axis resonator. The electrodes of the radio frequency discharge tube were made of aluminum 
and had a width of 50 mm and a length of 380 mm. The output power and frequency of RF generator were respectively, 250 
W and 125 MHz. The 7i-matching circuit serves to obtain an impedance matching between the radio frequency generator and 
laser cavity, thereby minimizing a reflection of high frequency energy. The output window was made of ZnSe. The piezo 
electric transducer assured a variation in the length of the laser cavity to a maximum of 15 u m/150 V. 
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Fig. 1. Experimental setup for the stabilization of RF excited slab C02 laser. 

A laser gas mixture of C02: N2: He was supplied, in a ratio of 1 : 1 : 3, to the radio frequency discharge channel 
to maintain a total pressure of 40 torr. In order to achieve a optical power stabilization of the laser, a lock-in stabilizer is 
coupled between the piezo electric transducer and detection circuit with a high-voltage amplifier adapted to directly drive the 
piezo electric transducer, and a signal generator adapted to generate a reference signal. 

As mentioned above, when the piezo electric transducer drives, a modulation of the laser power is generated in 
accordance with vibrations generated by the piezo electric transducer. Such a variation in the laser power generates an 
optogalvanic effect in the laser cavity, thereby resulting in a variation in the impedance of the RF discharge tube. 
Accordingly, the RF energy applied to the RF discharge channel varies. In order to measure such a variation in the input RF 
energy caused by the optogalvanic effect, induction loop is coupled to the RF inlet of the RF discharge tube. The detector 
receives a part of RF energy induced through the capacitor and removes RF components from the received RF energy. The 
detector sends the resultant signal free of RF components to the lock-in stabilizer. 

We performed an experiment to demonstrate the optogalvanic effect generated when the length of the laser cavity 
vibrates very slightly due to vibrations of the PZT. First, a sine wave signal (520 Hz) with a voltage of about 10 V p.p. from 
the lock-in stabilizer was applied to the PZT, thereby causing the vibrations of cav ty length. In order to measure the 
optogalvanic effect caused by the vibrations of the PZT, a part of the RF power pickec up through the induction loop was 
sent to the detector, thereby removing RF components (125 MHz) from the signal The resultant signal free of RF 
components was then spectrum analyzed using a network signal analyzer (Stanford research system: SR-780) coupled to the 
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detector. After the analysis, as it is shown on Fig. 2, an optogalvanic signal (520 Hz) was observed. The optogalvanic effect 
was generated by a modulation of the optical flux circulating inside the laser cavity [5] from a variation in the cavity length 
caused by the vibrations of the PZT. Using such an optogalvanic signal, it is possible to measure a variation in the length of 
the laser cavity caused by a slight vibration of the PZT. 
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FIG. 2. Spectrum of optogalvanic signal (520 Hz), power line noise (60 Hz) with its harmonics, and laser discharge noise. 

The laser is controlled to oscillate on the one of many picks of the gain curve by varying DC bias voltage applied to 
the piezo electric transducer. In this state, a feedback loop of the lock-in stabilizer is activated. In this case, three signals are 
applied to the piezo electric transducer. These signals include a DC bias voltage signal for finding an activation point, a sine 
wave signal of 520 Hz used as a reference signal for the lock-in stabilizer, and a compensation voltage signal obtained by 
integrating error signals generated and amplifying the resultant signal. 

When the sine wave signal of 520 Hz is applied as a reference signal to the piezo electric transducer, the laser 
power is modulated in the form of a sine wave. Since an optogalvanic effect is generated in the laser cavity due to the 
modulation of the laser power, the impedance of the RF discharge tube is also modulated. In accordance with this 
impedance modulation of the RF discharge tube, RF energy introduced into or reflected from the discharge tube is also 
modulated to have the same frequency as that of the sine wave signal. When the resultant modulated signal passes through 
the detector, an optogalvanic signal free of RF components is obtained. The optogalvanic signal, which is derived by a 
detection based on a sine wave, is then applied to the lock-in stabilizer which, in turn, performs a synchronous detection for 
the optogalvanic signal. As a result, a voltage proportional to the gain curve is derived. Based on the derived voltage, it is 
possible to determine the position of the vertex of the gain curve. The signal derived by the synchronous detection is 
integrated and then converted into the form of a DC voltage. The resultant signal is then applied to the piezo electric 
transducer and serves to continuously vary the length of the laser cavity until the signal obtained by the synchronous 
detection has a zero level. In this moment the laser oscillates at the vertex of the gain curve. In accordance with this 
principle, the length of the laser cavity is kept constant and stabilization of the laser frequency is achieved. 
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3.   RESULTS AND DISCUSSION 

FIG. 3 shows the results obtained after stabilizing the optical output of the RF excited slab C02 laser using an 
optogalvanic effect. Referring to FIG. 3, it can be found that the optical power are stabilized by the lock-in stabilizer. The 
power variation occurring when the laser operates freely is expressed by "AP/P". Since a great power variation occurs in the 
case of a laser oscillating in multi longitudinal mode, the laser exhibits a power variation up to 100 %. When the laser is 
stabilized, a power variation of only 2.9 % is exhibited. We did not check the stability of optical frequency in this time, and 
we shell exepect that the stability of optical frequency was simultaneously improved with optical power. We suggest that this 
method can be applied for frequency and power stabilization of other kinds of RF excited laser, for example, Xe and CO 
laser. 
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Fig. 3. Change of laser power before and after the laser is stabilized using optogalvanic effect. Here the laser line is P(20) 
and the power is 23 W at peak. 
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ABSTRACT 

A computer model for injection seeding of a high pressure CO2 laser is presented. A rate equation model is used 
to predict single longitudinal mode (SLM) operation through injection of a cw seed into the resonator cavity. The 
coupled non-linear differential equations are solved using a Runge-Kutta method. Predictions for the minimum 
injection power required to produce SLM pulses are made. Detuning off resonance and the effect of the output 
coupler reflectivity and small signal gain on SLM operation is also considered. Conditions for stable SLM operation 
through injection of a cw seed are suggested. Single mode operation, even in the detuned case, can be attained due 
to the homogeneous broadening of the gain, and the rapid growth of the pulse under high gain conditions. 

Keywords: HP CO2 laser, injection seeding, SLM pulses 

1. INTRODUCTION 

In order to obtain continuously tunable output from a CO2 laser, it has to be operated at high pressure. Several 
techniques exist to obtain single longitudinal mode (SLM) pulses. Inserting frequency selective optics can provide 
SLM operation. Extremely high intensities inside the resonator can damage optics and these methods are sensitive 
to misalignment and require tuning and control mechanisms. In an industrial environment stability and ease of use 
is critical. Injection of a seed into the resonator has proven to be a very successful method to obtain SLM operation 
with TEA CO2 lasers. Ease of use and good stability have been demonstrated, therefor the use of injection locking 
of a high pressure (HP) CO2 laser was investigated. 

2. INJECTION LOCKING MODEL 

Injection locking is a well established technique. The principles of a mathematical model simulating the development 
of the output pulse of a HP CO2 laser will be described. A rate equation model based on similar principles as 
described by Angehe et.al.1', Lachambre et.al.2' and Tashiro et.al.3' is discussed. In this model electric fields are 
calculated, since the phase is of significance. Using the convention where R is the intensity reflectivity loss, and T 
intensity transmittance of the empty cavity per round trip, the electric field after one round trip (2L) can be written 
as 

E(t + IT) = E(t + 2r)eiu'<t+2T) = E(t)VBTeaWei"t + E'0(t + 2r)eiu,t (1) 

where a is the time dependent gain, I is the length of the gain medium, u> = 2TTV is the angular frequency, and 
E'Q(t)e

iut is the injected signal at frequency u>. Introducing the photon lifetime T0, such that y/RT = e~T/T°, and 
using r = L/c, equation (1) can be written in terms of amplitudes as 

E(t + 2r) = E{t)em-Wr + E'0{t + 2r). (2) 

where mr(i) = —l/2To + cla(t)/2L. If the injected signal with amplitude EQ is off resonance, the phase difference has 
to be accounted for, when adding these amplitudes. The phase difference <j) is given by (j) = 2w8v ■ 2L/c = 2TC6V/AU, 

where Av = c/2L is the inter-mode spacing, 8v is the frequency difference. In this case m(t) = —l/2To + c£a(t)/2L+ 
icf> ■ c/2L has to replace mr in equation(2). 
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2.1. Photon rate equation 

It can be shown2' that equation (2) is a solution of the differential equation 

d£ , ,,_,        m(t)E0 

assuming a slowly varying gain and constant value for EQ. Equation (3) has a real and an imaginary part. The real 
(Er) and imaginary (E{) parts are separated and each differential equation is solved separately. The intensity of 
the EM wave is determined using I(t) = £y + Ef. Clearly the solution of the differential equations depends on the 
behaviour of the small-signal gain a. The small-signal gain a(t) is given by 

a(t) = a[Nj(t)-Nj.(t)]l/2L (4) 

where Nj(t) is the upper and Nji(t) is the lower level population, a is the effective radiative cross section for the 
transition. 

2.2. Population rate equations 

In a HP CO2 laser the equations governing the populations of the jth rotational level of the upper vibrational state 
can be written as5! 

pi ~1iNi -E1^ +£IVV* -^ {Nj-N^Sij (5) 
k k 

where Tjfc is the rate for colhsional transitions out of level j to all other levels k within the vibrational band. Pj and 
7■ are the pumping and decay rates of the individual rotational levels. 6jj is the Kronecker delta and the primed 
quantities refer to the lower level. By detailed balance under equilibrium conditions Tjk = ^Tkj, where z^ and Zj 
are the Boltzmann factors. Using this fact in equation 5 and then summing over k, the following equation is obtained 

f^Vrt-^-^«-"*)«, (6) 
with Nv the total vibrational population of the vibrational level given by 

#» = £>,■ (?) 

By summing each term of equation 7 over j an equation for the total population of the vibrational level is obtained 
and is given by 

d-§L = P-1Nv-(rl(NJ-NJ,) (8) 

where P and 7 are the total pump and decay rates of the vibrational level. The pumping rate for a specific rotational 
level i.e. Pj is given by 

Pi = ZJP 

An assumption was made that the time for the gain build-up is slow compared to the electrical discharge. The actual 
physics of the discharge excitation was ignored and an initial reservoir of vibrationally excited N2 was assumed. The 
pumping P was chosen to reproduce, in the absence of radiation, the small-signal gain. The maximum population 
inversion was calculated using a user specified small signal gain value. 

2.3.  Simultaneous solving of rate equations 

The differential equations governing the populations and the photon numbers are coupled by the expression for the 
gain, equation (4). These coupled differential equations were solved simultaneously using a fourth order Runge- 
Kutta algorithm. The photon density was calculated separately for each longitudinal mode (using the same available 
gain) and finally the resultant intensity of all modes circulating in the cavity was calculated. The modes considered 
were: a) The mode related to the injection frequency with initial angular frequency ujinj = uc — 6u where wc is the 
angular frequency of the longitudinal mode closest to the injected angular frequency and 6v is the so-called detuning 
frequency, and b) the modes at angular frequencies un of the resonant longitudinal modes. For these modes the 
injection £,-field £0 was simply replaced by the background spontaneous emission i?-field. 

The output power P(t) was determined using P(t) = (1 — üi)Jtot(*)Awith R the output coupler reflectivity, and 
A the effective cross sectional area of the actual laser. The pulse energy £ was calculated using £ = J~0 P(t)dt. 
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3. EVALUATION OF MODEL 

The model essentially requires only two starting values: The required small signal gain, and the injected intensity. 

3.1. Gain and threshold. 

In this model the time varying gain is calculated using eq. (4). In figure (1) the gain as a function of time was plotted 
for small signal gain of 3 m_1. The threshold gain for a resonator mode ((j) = 0) is given by 

«thres = L/(ctT0) = ln(l/JZT)/2* (9) 

For values of R — 0.65; T — 1; I = 0.4 m, the threshold gain is 0.5 m 1. In the presence of a photon field, the gain 
is reduced, coinciding with the output of the laser pulse. 

Gain and output of HP laser 
Small signal gain 3m'1 

Figure 1. 

3.2. Mode competition 

The main purpose of this investigation is to determine effect of injection of a seed on the resulting mode beating. 
The cross section was assumed to be frequency independent, and it was assumed that the grating selects six modes 
to be above threshold. The background intensities of all the modes is chosen to be 3xl0~7 W/m2. This value was 
obtained using the value of 4xl0-8 W/m2 used by Lachambre et.al.2' for one atmosphere and scaling according to 
the higher pressure of this 7 atm. laser. With a relatively small injection signal on resonance, mode beating is still 
observed, however the beating is reduced, as expected (figure (2)). 
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Figure 2. Figure 3. 

For injection intensity 1 x 10-1 W/m2, the pulse is considered to be single mode. From the figure (2) it can 
clearly be seen that the gain switched pulse arrives sooner as the injected intensity is increased. This has to be taken 
into account when synchronizing the oscillators and amplifiers. 
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3.3. Detuning of injected signal 
For practical stability considerations it is extremely important to investigate the effect of detuning on injection 
locking. In section (2) it was explained how detuning was taken care of in the model. This was investigated using 
a injection intensity (1 W/m2) and 0.0 to 0.4 detuning (fraction of the intermode spacing). SLM operation can be 
achieved, even with larger detuning (figure (3)). 

3.4. Output coupler reflectivity 
The output coupler determines the threshold gain, as well as the photon lifetime in the cavity. The value of R 
also determines the output energy. The output power of the pulses for different values of R was calculated, using a 
detuning of 0.4 and an injection intensity of 1 W/m2. The intensity inside the resonator was also calculated. These 
calculations show that the output can be optimized by choosing R = 0.8. Here the pulse energy is 60 mJ, which 
confirms that the model predictions are in the right order of magnitude regarding output energy. The intensity inside 
the cavity is about twice as much for the 0.8 output coupler, compared to the 0.65 case. There is not a marked 
decrease in the output energy moving from 0.8 to 0.65, hence a choice of R — 0.65 is a reasonable compromise, since 
it protects the optics in the resonator from very high intensities that could damage the optics, while sacrificing very 
little in terms of output. 

4. DISCUSSION 

The specific values for the parameters in the model, used to do the calculations, were chosen according to the design 
values for an oscillator running at 7 atm., with resonator length 1.1 m, gain length 0.4 m. The active volume was 
chosen according to the resonator design for TEM0o mode output. 

The modes compete for the same gain. Hence the situation where SLM is obtained through injection seeding 
may be realistic whereas, when locking is not obtained, the calculated pulses are optimistically smooth, and may not 
be realistic, since there could even be more modes competing than used in the calculation. The minimum injected 
intensity for SLM operation obtained here is 1 W/m2. The value of 1 W/m2 (0.1 mW/cm2) is in the same order 
of magnitude as reported by Angehe et.al.1' who reported results and experimental data using cw injection in the 
mW/cm2 range to obtain SLM in a high pressure TE-CO2 laser. The seed was injected through the output coupler 
(Ge, R = 0.65) and this gives effective injection in the 0.1 mW/cm2 range. Sasaki et.al.4' show, using a modified 
model of the Lachambre2' version, that stable for injection locking over a wide detuning range, injection power of 1 
mW/cm2 is sufficient. It therefore seems reasonable to assume that a figure of between 0.1 and 1 mW/cm2 (in the 
cavity) can be specified as the required power for effective injection. 

5. CONCLUSION. 

The mathematical model for injection mode locking was successful in predicting seed intensities required and detuning 
that can be tolerated for SLM operation. The model can be used to evaluate the effect of output coupler reflectivity 
and gain on the laser output. It has been shown, using this model, that injection power of 1 W/m2 (0.1 mW/cm2) 
is required inside the resonator for effective (SLM) locking. This required value is in the same order of magnitude as 
reported by Angehe et.al.1' who reported using cw injection in the mW/cm2 for a similar HP laser. 
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ABSTRACT 

For the grounding of the program of the wide-aperture several THz bandwidth C02 laser amplifier creation it was 
initiated the experimental investigation of a HF laser radiation transformation in a multiatmospheric C02/He medium. The 
C02/3He mixture (46x50x63 mm3, 4 arm) was pumped by the 1P8 spectral line of the pulsed chemical HF laser (85 J, 
1 (as). Transverse pumping geometry was used. Up to the power density of 2.7 MW/cm2 an absorption saturation was not 
observed. At the deposited energy of 58 J and output coupling of 20% it was obtained C02 laser pulse of 2.7 J (quantum 
efficiency was about 18.6%). The estimated small-signal gain was of 0.05 cm"1. 

Key words: subnanosecond C02 laser amplifier, multiatmospheric laser medium, pulsed chemical HF laser. 

1. INTRODUCTION 

The project of the creation of a wide-aperture subnanosecond pulse C02 laser amplifier pumped by electric discharge * 
is known. In course of such project realisation there are certain difficulties connected to using of electronic or X-ray 
preionization and MV discharge voltage. It is proposed to use the optical kJ HF/DF laser pumping for creation of C02 laser 
amplifier medium with the amplification bandwidth of several THz and storage energy of several tens J. The idea to use a 
chemical HF/DF laser for pumping multiatmosphtric CCVHe medium is offered and proved by results of small-scale 
experiments in the refined works 2'3. Two ways of an optical excitation of C02 were investigated: the first is a direct 
pumping of the (10°1, 02°1) levels C02 and, as consequence, creation of a population inversion for the 00°1 and 10°0 levels, 
and the second is a DF-» C02 transfer pumping by DF laser. There was a "bottle-neck" on the first way with the chosen 
spectral line (1P6) and longitudinal pump geometry. The main obstacles were the small absorption path for a pumping 
radiation in a lasing C02 medium due to high absorption coefficient (0.5 cm"1 at 10 atm) for the pump transition and high 
saturation intensity, which was near to the damage threshold of the reflecting mirror coatings. 

The goal of present work was to study a possibility of the optical pumping of a large volume multiatmospheric active 
medium with a gain bandwidth of 6 THz. The C02 output laser energy is considered as a measure of the efficiency of the 
amplifying C02 medium. 

The transverse pumping and use of 1P8 spectral line with the less absorption coefficient have enabled to increase 
essentially the excited C02 laser volume. The use of spectral line (1P8) is more effective in comparison with the use of 1P6 
line. The 1P8 single-line operated HF laser emitted about 30% of the multiline output energy. The 1P8 line has the less 
absorption coefficient in atmosphere than 1P6 line. 

2. RESULTS OF EXPERIMENT 

In the present work the transverse pump geometry of C02/He mixture was used as it is shown in the figure. The 
photoinitiated pulsed chemical chain HF laser4'5 with a nominal output energy of 2 kJ per pulse operated both as single 
generator and in cascade "master generator - amplifier" and was used as a pump source. The main chemical reactor had a 
length of 5.5 m. The use of the cascade enabled to reduce the pulse duration two time. The 1P8 line was selected with use of 
a diffraction grating (300 lines/mm) which was set in the resonator cavity. A selected line output pulse was obtained with up 
to 350 J energy, about 1 (is FWHM, and 130 mm aperture. The C02 laser medium had a form of rounded box with maximal 
dimensions of 46x50x63 mm3. The medium was üluminated through CaF2 window (50x63 mm2). The pumping radiation 
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was reflected from a copper mirror on the other side of the cavity for repeated pass through the medium. C02 laser was 
operated using a 45x50 mm2 cross section resonator with inner copper and external dielectric (KC1) mirrors. The nominal 
parameters of the optical scheme are shown in the Figure. 

The C02/3He mixture (4 atm) absorbed the pump radiation in accordance with Lambert-Beer's law (absorption 
coefficient was of 0.125 cm"1). No absorption saturation was observed up to pumping intensity of 2.7 MW/cm2. The 
deposited pumping energy was of 58 J at a 85 J, 1 ^s FWHM pumping pulse. The larger part of pulse energy was lost due to 
absorption in atmospheric air (L=2.2 m). The C02 laser pulse energy Eg was of 2.7 J, corresponding quantum efficiency was 
of 18.6% (in Ref. 2 - 14%), and the estimated small signal gain was of 0.05 cm"1. The obtained value of the C02 laser pulse 
energy should be considered as a lower limit of the true output. The measured dependence of obtained output on coupling 
losses has shown an appreciable intracavity losses. The possible reasons for that may be the large divergence of C02 laser 
radiation and a deviation of the optical characteristics of the resonator elements from nominal values. The efficiency may be 
increased by using of a shorter but more powerful pumping pulse to decrease relaxation losses during the population 
inversion rise-time in C02 medium. 

CONCLUSIONS 

The possibility of optical pumping of the great volume active medium was demonstrated. The C02 laser pulse energy 
of 2.7 J from the active medium volume of 140 cm3 was measured. The physical efficiency was of 4.7%. The energy of HF 
laser was not used in full for the pumping of the CC^ medium. The efficiency can be increased noticeably and the C02 laser 
pulse energy may be enlarged by one order of magnitude as a result of the modification of the experimental set-up. 
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EXPERIMENTAL SET-UP SCHEME 
HF-laser 

(generator or master generator - amplifier) 
.D=100mm   E^= 250-350 J 

Ej= 15-20 J   rif= 250-350 J 
Cu        " 

f=2.5m 

Vacuum chamber 
spectrum 

CC^-laser 

La=1.8m       pM(8) 
D = 61mm 

Concentration of H20 vapour in room air q(H20)= 7-25g/m3 and 
absorption coefficient for ?i.(0) spectral line k(H20) = 0.007-0.025 m2/g 
G-l.CaF^-l - optical elements of the single generator scheme 
G-2 - diffraction grating in the "master generator-amplifier"scheme 
Ms-spherical mirror, Wm-mirror wedge, S-screen, C-calorimeter,Cu-copper mirror, 
ZnSe,KCl-dieIectric mirrors,t-tranmittance,r-reflectance,Lr-resonator length 

Lr = 0.3m 
Smit= 46x50mm2 

316 Proc. SPIE Vol. 4184 
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ABSTRACT 

CO2 laser system generating the train of - 200 ps pulses with total energy up to 5 J was put in operation in General Physics 
Institute of Russian Academy of Sciences (IOFRAN) recently. Initial -100 ps 10.6 |Jm laser pulse with energy - 10 JJJ was 
regeneratively amplified in 5 x 5 x 5 cm3 discharge volume X-ray preionized TE-C02 discharge unit developed and manu- 
factured in D.V.Efremov Scientific Research Institute of Electrophysical Apparatus (NIIEFA) in cooperation with IOFRAN. 
The results on upgrade of this unit towards obtaining 10 atm volume self-sustained discharge in C02:N2:He mixtures with 
reasonably high percentage of molecular gases are reported. Owing to this upgrade free running mode laser radiation energy 
Ei (when the unit was equipped with unstable telescopic resonator) at 6 atm was increased up to 22.2 J, which corresponds 
to specific energy extraction 5.4 J/l/atm and efficiency 4.5%. The estimated value of Ei from such a laser at 10 atm is 15 J. 
It corresponds to peak power of regeneratively amplified 2 ps 10 urn pulse formed in master oscillator of laser system ~ 1.5 
TW. Prospective of further upgrade of laser system using new 10 x 10 x 100 cm3 discharge volume 10 atm TE-CO2 dis- 
charge unit which is under construction now in NIIEFA in the network of ISTC Project #1072 is discussed. 

Keywords: picosecond pulse, C02-laser, high-pressure gas mixture, volume self-sustained discharge 

1.   INTRODUCTION 

The creation of high-power 10 urn picosecond lasers opens new possibilities in fundamental investigations of laser ra- 
diation interaction with matter. One of potential and very efficient applications of high power ultrashort X= 10 um pulses is 
laser acceleration of charged particles. It was shown1 that relative increase of electrons energy after interaction with laser 
field (averaged over electron bunch) is increased with laser radiation wavelength - X2. For the duration of laser pulse 10"u s 
and its power 1012 W (laser pulse energy 10 J) the magnitude of accelerating gradient is - 1 GeV/m, that is substantially 
higher than for modern linear accelerators2. 

Another application is generation of high power and high repetition rate y-beams by backward Compton scattering3. The y- 
ray is planned to be applied to produce polarized positron beams for Japan Linear Collider (JLC). The temporal structure of 
e-beam of LINAC which is planned to be used in the experiments is a train of 85 bunches separated by period 1.4 ns. Train 
of the bunches comes every 6.7 ms corresponding to rep.rate 150 Hz. The estimated energy of the 10 um laser pulse which 
will interact with every bunch in the train is 10 J (duration t= 10 ps). In this case about 1010 positron/bunch will be produced 
necessary for electron-positron experiments in JLC. In order to avoid nonlinear effects under high-intensity interaction it is 
proposed to divide each 10 J pulse into forty 250 mJ portions . In such a case forty 10 urn pulse trains each consisting of 85 
pulses of 250 mJ energy (total train energy =21 J) are needed for the experiment. 

Therefore for mentioned above experiments on interaction of laser radiation with e-beams an energy of 10 - 20 J in 10 ps 10 
jxm laser pulse or pulse train is needed. 10 ps duration of laser pulse in these experiments is connected with the duration of 
electrons bunch to be accelerated. At the same time the bandwidth of the high-pressure (~10atm) C02 discharge unit (C02 - 
HPDU) which is the principal element of picosecond C02 laser system enables to amplify the pulses with duration -1 ps. In 
this case an order of magnitude higher power of laser radiation can be achieved in the given laser system. 
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To our opinion besides mentioned above and many other fundamental applications high power picosecond 10 um laser sys- 
tem can find some commercial applications. Between them is development of laser based lightning protection system, 
mid infrared laser lidars, laser plasma based source of X-ray with controlled temporal and spectral structure for use in mi- 
croelectronics or medicine etc. Search and development of such an applications is the significant goal of ISTC Project. 

At present time the methods of 10 p.m picosecond laser pulses generation are well developed and enable production of 
pulses with T = 1 - 10 ps duration and 1 - 10 pJ energy 4"7. In order to amplify these pulses up to energies ~ 10 J one have to 
utilize many-pass or regenerative amplification (RA) in C02 -HPDU with total gain exceeding 106 - 107 and gas pressure 
sufficient to provide necessary amplifier's gain bandwidth (> 10 atm for 9R or 10 R bands of C02 laser). The main factors 
determining maximum available energy of the amplified 10 urn laser pulse with duration 1 -^-10 ps are: aperture of the am- 
plifier, saturation energy of typical high-pressure gas mixtures (~ 0.4 J/cm2) , damage threshold of optical windows of the 
gas chamber (~ 0.7 J/cm2)8 and formation of electron density wave due to active medium avalanche ionization at very high 
intensities of radiation (- 1 J/cm2 )7. Simple estimates show that in order to exceed 1 TW peak power in maximum pulse of 
the train (containing in our case =15% of the total energy) it is necessary to use C02 -HPDU with aperture d > 3 cm for T=1 

ps and d > 10 cm for x=10 ps. 

The picosecond C02 laser system with output laser beam aperture 4 cm, discharge volume of C02 -HPDU 5 x 5 x 55 cm3 (a 
prototype of further 10 x 10 x 100 cm3 C02 -HPDU) and short pulse duration 2 + 100 ps (tunable) is under construction 
now in IOFRAN. The system is intended to generate a pulse train with peak power up to 1.5 TW with present C02-HPDU 
and up to 15 TW with new one. Present status of the set up and the prospective of its upgrade are discussed in given report. 

2.   LASER SYSTEM CONFIGURATION 

The main components of laser system are: 
1. 10 urn picosecond master oscillator (MO), which produces a picosecond laser pulse with duration x{ = 2 -*- 100 ps 
(smoothly tunable) and power P = 0.1 - 1 MW by means of choppping a short transient from the 100 ns, 30 mJ radiation 
pulse of compact TEA-C02 laser ( method of chopping - semiconductor reflection/transmission switching4"6). 
2. X-ray preionized C02 -HPDU developed and manufactured in NIIEFA under request of IOFRAN with 5 x 5 x 55 cm3 

discharge volume, 6 atm operational pressure and unstable telescopic resonator with aperture d= 4 cm, magnification M=2 
and length L= 1.4 m to produce a train of picosecond laser pulses in RA regime. 

The construction, principles of operation of MO as well as construction and parameters of C02-HPDU (for the case of 6 atm 
operation) were already reported9. The energy of laser radiation to the moment of publication9 did not exceed 5 J and we 
were going to carry out the optimization of discharge pumping scheme in order to provide its better matching with the dis- 
charge. The results of this optimization will be discussed in the next section. 

3.   IMPROVEMENT OF C02-HPDU OPERATION. 

3.1 Increase of preionization level. 

In order to amplify 10 p;m laser pulses as short as 2 ps it isnecessary to increase the pressure of the gas mixture in C02- 
HPDU up to 10 atm. To solve the problem we had to increase the concentration of initial electrons neo produced in the active 
medium of C02-HPDU by X-ray preionizer. To realize it we made two independent steps. First, we decreased the distance 
between the source of X-ray photons (the foil) and discharge gap anode from 13 to 7 cm (taking into account high diver- 
gence of X-ray radiation). Second, we increased to the maximum the accelerating voltage Ua on the e-beam vacuum diode 
(VD) (from 65 to 80 kV) since according to10 in our case n^ ~ Ua

4'2. 

3.2 Optimization of CO2-HPDU gas mixture for maximum radiation energy extraction. 

After increasing of neo due to mentioned above procedures we considerably increased the stability of volume self-sustained 
discharge (VSSD) at the previously used9 C02:N2:He= 2:1:17 gas mix with low ionizing additive (tri-n-propilamine) and 
got the possibility to use more "hard" gas mixtures that is the mixtures with higher absolute pressure Pm of molecular gases 
(C02 and N2). Attempts to increase absolute values of pressures of C02 and N2 in the mixture PCo2 and PN2 while keeping 
constant P^ = Pm+ PHe = 6 atm gave quite different results. In this experiments we controlled not only the volt-ampere pa- 
rameters of VSSD but also a laser radiation energy in free running mode with the same resonator as in . 
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We did not succeeded to increase PC02 > 0.7 atm ( PCo2 = 0.6 atm in initial C02:N2:He=2:l:17 mix) with keeping high 
enough stability of VSSD. For Pco2= 0.8 atm VSSD was very unstable, and practically we obtained very few "shots" with- 
out arcing after glow VSSD phase. There is an evident explanation of this - very high cross-section of electrons attachments 
to C02 molecules which probably even more severe for high pressure gas mixtures. 

Absolute another picture took place for increase of PN2. The stability of the VSSD was not changed when we increased PN2 

value in few times, but due to energy transfer from N2 to C02 free running mode energy also increased and reached its 
maximum 22.2 J for the mixture C02:N2:He= 12:21:67. Such energy corresponds to specific energy extraction 5.4 J/l/atm.. 
Scaling of radiation energy to full available for radiation area give us laser efficiency ri= 4.5 % (relative to the energy = 980 
J stored in the capacitors of VSSD pumping generator, PG). Experiments with increasing of PN2 value while keeping PCo2 = 
0.7 arm had shown that an optimum ratio of N2 and C02 in the mix for maximum energy extraction is Pm/Pcoz =1-7 ^-2.5. 
For higher PN2/Pco2 ratios some kind of N2 -> C02 energy transfer saturation may take place. 

It is interesting to note that using of mixtures with such relatively high ratio of PN2/PCo2 did not cause dramatic growth of the 
"tail" of laser radiation pulse typical for TEA-C02 lasers. The tail was totally absent for initial C02:N2:He=2:1:17 mix while 
its energy did not exceed 30% of the total pulse energy for the mixtures with PN2/Pco2 = 2 -5-2.5 (see Fig.l). It is also seen 
from the figure that in the case PN2/PCO2 ~ 2.4 the duration of pulse was shorter than for FmfPC02= 0.5 mixture (35 ns 
FWHM instead of 50 ns). It means that unlike the case of atmospheric pressure TEA-C02 -lasers for high pressure lasers 
nitrogen transfers the main part of stored energy to C02 during first gain switched spike of laser radiation. Dumping of 
"tail" can be also explained by the decrease of the gain lifetime in the active medium with gas mixture pressure as ~1/Pz. As 
a result in our case we increased more than in 4 times not only the energy but also a peak power of radiation. It is very 
promising result from the point of view of getting maximum peak power in the train necessary for generation of hard X-ray 
photons and high-amplitude currents in laser plasma11,12. 

*Mtt 
MM* ■w»«* UnM, 

2.00 OSa/s 1   1 

LULL 

i i i i J J 

(a) (b) 

Fig.l Oscillograms of free-running mode radiation pulses for mixtures C02:N2:He = 12:28:60 (a) and C02:N2:He = 
10:5:85 (b). Total mixture pressure 6 arm. Horizontal scale - 50 ns/div. 

3.3 Optimization of VSSD pumping scheme parameters. 

3.3.1.The value of separating inductance. 

During experiments on optimization of the gas mixture to get the maximum radiation energy we also varied the inductance 
Li which separated 8 -stage Fitch-Gowell generator and low inductance "fast" capacitance located maximally close to the 
discharge chamber(DC)9. Initially Li was 9.5 pJH and energy 3.5 J on C02:N2:He= 10:5:85 gas mix was obtained with this 
Li value. It turned out that increase of Li value lead to some increase of Ei for fixed value of PG charging voltage Ud,. The 
oscilloscope traces of the voltage on the discharge gap Ug(t) for Uch = 60 kV, two values of Li and the mixture C02:N2:He= 
10:10:80 are shown on Fig.2. It is seen from Fig.2 that increase of Lt in 3 times did not influence the front of Ug (t) as well 
as the breakdown voltage. Nevertheless, in the case Li= 32|xH this inductance in higher degree prevents the energy stored in 
the "fast" capacitance to go back into Fitch-Govell generator. It is illustrated in Fig.2 by the increase of both the duration of 
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quasistationary phase of Ug(t) and total VSSD current duration (interval between the breakdown point and the point where 
Ug(t) crosses zero line). As a result Ei value increased from 5.5 to 9.5 J. The effect of L] increase on Ei is stronger for lower 
values of Uch. For more "hard" mixtures further increase of Lj was shown to be efficient. Maximum Ei value 22.2 J was 
obtained with L]= 68 (oH and Uch = 70 kV on the mixture C02:N2:He= 12:21:67. 
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Fig.2. Oscillograms of voltage on the discharge gap Ug(t) (lower traces) for two values of "separating" inductance Lf 9.5 
uH (a) and 32 uH (b). Upper traces are voltage on the vacuum diode UVD(0- Horizontal scale - 1 us/div. 

3.3.2 The delay between X-ray preionization pulse and VSSD start. 

Previously in9 laser system operated with simultaneous triggering of the discharge gaps in PG and generator of pulsed volt- 
ages of VD. Such situation is illustrated on Fig.2. However when going to more "hard" mixtures it was established that 
VSSD stability increases when generator of pulsed voltages of VD was triggered with some delay to PG. This optimal de- 
lay value AtvD (or the range of its variation) depended on the mixture and Uch value. For L! =68 uH the duration of Ug(t) 
front was T& = 2 ■*- 2.3 \is (depending on mentioned above parameters) and AtVD was 0.6 ■*■ 1.4 ps. The width of the AtVD 
range decreased almost to zero when we tried to obtain VSSD at the mixtures with Pco2= 0.8 atm. 

While varying AtvD value we had revealed very interesting fact: when T^ - AtVD was less than some minimum value (it de- 
pended on L] and gas mixture, for example 300 ns for Li = 32 joH and C02:N2:He= 10:10:80 mix) there were no glow 
VSSD phase at all (arcing took place just after gas breakdown). This fact corresponds to earlier obtained results on utiliza- 
tion of low-ionization additions in TEA-C02 lasers and is connected with significantly higher lifetime of initial photo- 
plasma produced by ionization of organic additives than that produced by ionization of working mix components13. There- 
fore in our case due to the fact that photoplasma recombination rate is much lower that the rate of electrons production by 
X-ray ionization of tri-n-propylamine we have some kind of accumulation of electrons produced by ionization source. 

It is well known that besides production of initial electrons in the discharge gap tri-n-propylamine stabilizes VSSD through 
depopulation of metastable levels of N2 responsible for formation of VSSD contraction channels. Another and also very sig- 
nificant roles are: ionization of N2 molecules via collisions with tri-n-propylamine molecules through Penning ionization 
process and decrease of E/P£ parameter in VSSD causing optimization of electrons energies distribution function for more 
efficient pumping of laser levels14. It is Penning ionization that can explain the fact that at transition from ~PN2fPcca = 0.5 to 
PN2/PCO2 = 3.6 mixture (the most "hard" mixture in the experiments with PN2 = 2.55 atm and Pm/Px = 54%) the breakdown 
voltage of the gas mixture increased only twice. 

4.   PROSPECTIVE OF PICOSECOND C02 LASER SYSTEM UPGRADE. 

As a first step to 10 atm C02-HPDU operation we tried to obtain stable VSSD at P£ >6 atm. The measurements were car- 
ried out in a condensed version at fixed values of some parameters: 1) energy stored in the PG = 720 J; 2) PCo2 = 0.5 atm; 
PN2 =1.0 atm. As a result we succeeded to obtain VSSD at the mixtures with Pj up to 9 atm. At Pz =9 atm P„/Pi was 16.7% 
and W= 57 J/l/atm. In such version of experiment where W~l/P2 we did not detected any deterioration of VSSD with 
growth of Px- We did not try to increase Pi over 9 atm due to:l) sharp growth of the rate of gas mixture outlet from DC; 2) 
the fact that earlier at hydraulic tests of DC we observed few times the damage of Al foil at P= 11-12 atm. 
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At present time the new dielectric tube for DC of C02-HPDU is manufacturing which will have hermetic enclosure for PE 

< 15 atm. After new tube manufacturing and reassembling of DC we plan to carry out investigations of possibility to in- 
crease the thickness of Al foil used up to 100 - 250 pjn in order to make the VSSD investigations at P2 ~ 10 atm more safe. 

In conclusion we look with optimism on getting 10 atm VSSD in our C02-HPDU but the concrete gas mixture will be de- 
termined only in experiments. In such a mixture we'll be able to regeneratively amplify laser pulses with wavelength corre- 
sponding to the top of CO2 molecule 10R band (10.27 |jm) and duration down to x ~2 ps. We will not be able to use 9R 
band of C02 laser due to substantial absorption of = 9.3 (im radiation by the tri-n-propylamine. 

Let's estimate the expected peak power of the train of 2 ps pulses which we are going to obtain. The temporal structure of 
free-running mode radiation pulse shown at Fig.la may be differed by adding 4 atm of He to present gas mixture due to 
probable dumping of the pulse "tail" at further decrease of small signal gain lifetime with Pz. Therefore the expected radia- 
tion energy may be about 0.7 x 22 J = 15 J. Our investigations of the temporal structure of the pulse train for T = 200 -5- 300 
ps9 had shown that its envelope well correspond to free-running mode pulse. We can propose that for T = 2 ps this envelope 
will not be strongly changed since in both cases x - 200 and % = 2 ps the saturation energy densities of the gain medium are 
close to each other. It means that percentage of energy in the train's maximum pulse will be determined only by duration 
Tgen of free-running mode pulse (FWHM) and AT = 2L/c parameter. For our case Tgen = 35 ns and AT = 9.3 ns this percent- 
age may reach 20%. Therefore the expected energy of the maximum train's pulse may be Em =3 J corresponding to train's 
peak power Pm =1.5 TW. 

Further increase of Em and Pm values ( approximately on an order of magnitude) may become possible after manufacturing 
and putting into operation the new 10 x 10 x 100 cm3 discharge volume C02-HPDU which is under construction now in 
NHEFA in the network of ISTC Project #1072 (its putting into operation at IOFRAN test bench is planned at the end of 
2001). The detailed discussion of the construction of this C02-HPDU exceeds the bounds of present report. Briefly, the 
main features and differences of the new unit relative to present one (except the discharge volume) are: 
1. stainless steel body of the DC; 
2. low inductance "fast" capacitance in the scheme of PG is an element of DC construction filled with deionized water: 

such an approach enables to realize minimum possible inductance of the discharge circuit (~ 200 nH) for given dis- 
charge volume and to provide the duration of energy input into discharge - 200 ns what is quite close to this parameter 
value of present C02-HPDU despite ~ 8 times higher discharge volume of the new unit; 

3. the constructive features of the X-ray preionizer enable to realize two modes of its operation: 
traditional one now used in the present C02-HPDU with Ua = 70 4- 80 kV, duration of current pulse of a few us and 
utilization of 50 -5-100 urn thick Al foil; 
nontraditional mode with Ua = 40 kV, duration of current pulse ~ 100 ns and utilization of thin (6-s-10um) foils from 
materials with high atomic weight, such as Ta, Au etc. 

The main idea of the second variant is to use more soft part of the spectrum of X-ray (which is much more efficient for ioni- 
zation of work gas mix) and to increase to the maximum the current of VD and correspondingly the X-ray flux. This variant 
may turn out to be more efficient when using gas mixtures without low ionizing organic additives where the mechanism of 
initial electrons accumulation discussed above will not work. 

It will be very interesting to compare the volt-ampere and optical parameters of both C02 -HPDU in order to make a con- 
clusions about possibility to scale C02-HPDU parameters with active volume (one of the goals of ISTC #1072 Project). 

5.   CONCLUSIONS. 

1. Due to substantial increase of X -ray flux in the discharge volume of C02-HPDU we succeeded to dramatically in- 
crease percentage of molecular gases in 6 atm mixture (from 15 up to 54%) and free running mode radiation energy (from 5 
to 22.2 J). The specific energy extraction reached 5.4 J/l/atm and laser efficiency (relative to the energy stored in the ca- 
pacitors) reached 4.5%. 

2. The optimal range of N 2 and C02 partial pressures ratio PN2 /P002 = 1.7 - 2.5 was determined which correspond to 
maximum extraction of radiation energy from C02 -HPDU when operating with unstable telescopic resonator. 

3. The value of inductance separating Fitch-Go well generator and "fast" capacitance located close to the DC can be opti- 
mized for maximum loading of energy to the discharge volume for given gas mixture and PG charging voltage. 
4. Due to substantial more fast N2 —> C02 energy transfer for Px = 6 atm C02 -HPDU relative to TEA-C02 lasers increase 

of PN2/Pco2 in the 6 atm mixture from 0.5 to 2.5 did not cause dramatic growth of the "tail" of laser pulse. It means that peak 
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power of laser radiation in our case increased with PN2/PC02- Moreover relative increase of peak power was close to that of 
laser radiation energy due to some shortening of laser pulse FWHM. 

5. It was revealed that effect of accumulation of initial electrons produced by X-ray preionizer can take place. This effect is 
more pronounced at the mixtures with high relative concentration of molecular gases. Such accumulation can be associated 
with the features of photoplasma produced by X-ray ionization of tri-n-propylamine. 
6. We have a real prospective to obtain VSSD in our present C02-HPDU configuration on 10 atm gas mixture with rea- 
sonably high Pn/Pj; value. The expected peak power of the train of 2 ps pulses obtained in RA regime in C02-HPDU with 
such a mixture is 1.5 TW. As a first step to realization of such a prospective a stable VSSD was obtained at 9 atm 16.7% 
molecular gases concentration gas mixture and a relatively low specific energy loading density 57 J/l/atm. 
7. About an order of magnitude increase of 10 urn 2 ps laser pulse peak power (up to 15 TW) may become possible after 

putting into operation a new unique 10 1 active volume 10 atm C02-HPDU now being under construction in the network of 
ISTC Project #1072. 
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ABSTRACT 

Excimer lasers are now being used in the manufacturing of ultra-large scale integrated devices that require 
feature widths of less than 0.25 um. The excimer laser for microlithography, since its introduction in 1987 
has evolved from a laboratory instrument to a manufacturing tool. We will trace the history of the excimer 
laser in this industry and explain why it is and remains the total solution for the present and for many years 
in the future. 
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1.   INTRODUCTION 

By 1996, the transition from an I-line (365nm) mercury lamp to deep-UV excimer laser - KrF (248nm) - as 
the illumination source for fabrication of ULSI had begun in earnest. The rapid transition is considered 
evolutionary and revolutionary. Evolutionary because the change in technology in the eyes of the IC maker 
was a mere reduction in UV wavelength. Revolutionary because of the complexity and the pulsed operation 
of the laser compared with the simple and continuous Hg lamp. However, we show that excimer lasers are 
optimally suited to meet the requirements for Deep-Ultraviolet microlithography as compared to Hg lamps 
at 248nm or solid state lasers at deep-ultraviolet wavelengths. The physics of excimer laser allows scaling 
to higher powers, narrower spectral widths and shorter wavelengths. The engineering of excimer lasers has 
kept pace with microlithography scanner requirements. New excimer products have maintained the 
performance trends set-up by the previous generation excimer products. In laboratory experiments, solid 
state lasers have shown promise. However, the scaling of a solid state to higher powers is still several years 
away, and has missed the opportunity to play a role in this very important semiconductor industry. 

2.   MICROLITHOGRAPHY - THE PROCESS 

2.1 What is microlithography 

Microlithography is a manufacturing process for highly precise microscopic 2-D patterns in a 
photosensitive resist material. These patterns are replicas of a master pattern on a mask, which is made 
from patterned layer of chromium on fused silica. At the end of the lithographic process, the resist is used 
to create a useful structure in the device that is being built such as trenches on silicon wafer (Fig. 1) or 
metal network on silicon. These structures then form the foundation for memory and processor chips that 
go into computers, cellular phones, PDAs, cars and about everything else. Microlithography is the 
technology and cost driver for semiconductor manufacturing. 

2.2 Microlithography and microelectronics explosion 

Progress is microlithography is evident due to continuous decrease in image sizes (Figures 1 and 2). A 
decrease in image size by X2 leads to a X4 increase in number of circuits per unit area, and significant 
improvements in switching speeds. Thus, a decrease in transistor size, and increase in chip size has resulted 
in rapid growth of number of transistors per chip. About half of the 4X increase per generation in DRAM 
capacity is due to reduced image size. The rest is from advances in design and increase in physical 
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dimensions. Historically, it has taken about three years to advance from one generation of DRAM to the 
next. However, leading-edge microlithography started at 0.35mm in 1995. 

2.3 The path to narrower images 

Image Dimension is governed by Rayleigh's formula: 
D = kl*A7NA, (1) 

Where 
D = Minimum Dimension printed on wafer, kl = process constant, between 0.6 to 0.8, 
X = Exposure Wavelength and NA = Numerical Aperture Of Lens (Fig. 3) 

Thus, increasing NA may rrunimize the image dimension. But, the Depth of Focus (DOF) is related to NA 
via: 

DOF = ±k2*XyNA2, (2) 

Where: 
k2 = process constant, ~ 0.5. 
Despite DOF issues, increasing NA from 0.5 to 0.7 in the past few years (Fig. 4) has reduced image 
dimensions. By far, though, the greatest reduction in image size is achieved by reducing the wavelength. 
This is exactly where excimer lasers fit in! 

3. MICROLITHOGRAPHY - THE ROLE OF LASERS 

3.1 Excimer lasers and solid state lasers 

Traditional light source for lithography has been Hg-Xe Arc Lamps. Its i line and g line are used for 
lithography below 256MB DRAM. Its emission centered on 248nm has also been used, but power is very 
low. On the other hand, excimer lasers, KrF at 248nm and ArF at 193 nm and F2 lasers at 157nm are 
sources of high power radiation. They have relatively narrow spectrum - thus optical filtering is not 
required. They provide tunable high power output at DUV, without wavelength conversion. They may be 
directly, efficiently spectral narrowed without external "injection" lasers. Most importantly, excimer 
lasers would act as sources for three generations of DRAM, at 248, 193 and then 157nm. They can be 
scaled in power and spectrally narrowed for the future microlithography. Excimer lasers are expected to 
meet the lithography requirements for 16Gbit DRAM and 10GHz microprocessors in the next ten years! 

Solid State Lasers are other possible sources. Some examples are Alexandrite at 248 nm, and diode pumped 
lasers at 248 and 193 nm. But, considering the early lead by excimer lasers, it is just too late for solid state 
lasers! 

3.2 Lasers and the microlithography process 

The wafer exposure process involves the following systems: Laser, relay optics, homogenizer, illumination 
systems, lithography projection lens and wafer positioning system (Fig. 5). In terms of complexity, the lens 
is the most complex, the laser is the second most and the positioning system is the third. 

The lithography projection lens is a large compound lens made up of over 20 simple elements mounted in a 
rigid barrel. The large number of elements corrects optical aberrations over a 30mm exposure field. The 
wavefront aberration must be less than X/10 at every point in the exposure field. This lens produces the 
optical image of the mask, reduced by a factor of 4 or 5. A silicon wafer is exposed to this image, which is 
captured by the layer of photoresists. This image is eventually developed to leave the resist pattern on 
silicon. The lens at 248nm is not chromatically corrected. Hence, the narrow spectral width requirements. 
Thus for a lens of NA=0.7, the Full-Width-At-Half maximum requirement is about 0.6pm. At 193nm, there 
is some color correction otherwise the linewidths requirements are very low. The situation at 157nm is still 
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open. At 248nm, the lens material is fused silica, at 193nm is mostly fused silica and CaF2 and at 157nm it 
will be very likely CaF2. 

The wafer positioning system is probably the most precise mechanical system in existence. It positions the 
wafer (200mm in diameter) under the lens by stepping or scanning to a precision of better than 20nm. The 
motion of the wafer positioning system coupled with the exposure technique determines two classes of 
microlithography systems - stepper and scanner. 

Stepper exposes one chip at a time. The number of pulses the laser fires on each chip is equal to the total 
energy required to expose the resist. After each chip, the wafer positioning system moves the wafer to next. 
The field size depends on the lithography lens diameter. A scanner exposes the chip by painting a slit over 
the wafer. This is done by scanning the mask and the wafer through the slit. The field size is then limited by 
slit height and scan length. Since the slit is much smaller than the field size, the optical constraints on the 
litho lens are greatly reduced. Thus, all lithography equipment manufacturers have now switched to the 
design & development of scanner technology. 

3.3 Impact of scanner based microlithography on laser performance 

The scanner fundamental formula is given by: 
Time to expose the scanner slit = s/Vscan, (1) 

where s is the slit width (typically 7 to 8mm wide) and Vscan is the scan speed of the scanner (100 to 
250mm/sec). The time each point is within the slit should be at least equal to the time required to fire N 
pulses to expose the resist. Thus, if the resist requires Dr mJ/cm2, and the laser provides DLmJ/cm2 per 
pulse, the number of pulses required to expose the resist is Dr/DL. Thus, for a laser with repetition rate off, 
the time to expose Dr/DL pulses is just Dr/ DL It The goal of every litho equipment maker is to minimize 
exposure time. Thus, the laser repetition-rate must be maximized. The lithography process requires that 
the whole chip must be exposed uniformly. This means the energy of the laser, integrated over the exposure 
time must be constant. This forms the basis of dose stability requirement of the laser! 

Excimer lasers today (20W KrF, 10W ArF) has kept up with scanner power requirements (Fig. 6). The 
"physics" allows scaling to higher powers without scaling laser physical size. In fact, the laser chambers 
used in CX2 product and ELS-6000 product have similar physical dimensions. 

The "homogeneously" broadened KrF and ArF laser lines can be narrowed to 0.5pm FWHM at 248 and 
193 nm without much loss in efficiency (Fig. 7). The line narrowing module used in first generation 
product and next generation product have similar physical dimensions. 

Power stability of excimer laser is measured by the stability of the dose (integrated energy). Scaling the 
power of excimer laser without rmmtaining its stability will not help lithography. Power stability can be 
maintained by a combination of gas flow, pulsed power and software control technology. 

The cost-of-operating a laser depends heavily on chamber life (-40% is due to chamber). The pulse life of a 
chamber has steadily improved, resulting in a huge decrease in cost-of-operation of the laser. While the 
cost-of-operation may not be as low as a Hg lamp, the reduction in past several years has been encouraging 
at 248nm. Similar improvements are required at 193nm. 

A mix-and-match strategy will be followed by the chipmakers in integrating laser-based tools for 
lithography. For 256Mbit DRAM, approximately 70% of the layers would be exposed via Hg iline and the 
remaining via KrF. For 4Gbit DRAM, approximately 40% layers would use iline, 40% KrF and 20% ArF. 
Such mix-and-match strategy would keep iline technology alive. Likewise, this mix-and-match would keep 
excimer lasers arrive when microlithography reverts to EUV and E-beams. 

ProcSPIE Vol. 4184 325 



4. MICROLITHOGRAPHY - FUTURE OF EXCIMER LASERS 

The physics of excimer laser allows scaling to higher powers, narrower spectral widths and shorter 
wavelengths. Excimer lasers would provide a three-generation solution to microlithography. The 
engineering of excimer lasers has kept pace with stepper/scanner requirements of cost-of-operation, uptime 
and reliability. New excimer products have maintained the performance trends set-up by the previous 
generation excimer products. The economics has driven and will continue to drive the direction of 
microlithography. Excimer lasers have kept pace with that. This explains why a small excimer laser 
company in San Diego has experienced such rapid growth. 
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Rapid Growth Of Transistors Per Chip 
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High repetition rate 157 nm Mini - Excimer - Lasers 
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ABSTRACT 

For new industrial applications, mini excimer lasers with a wavelength of 157 nm were developed. The main goal was to 
extend the component lifetime. The laser tube is designed in metal-ceramic technology. An erosion-free corona 
preionization is installed. The pulsed-power module contains a solid state switch with additional compression stages to 
generate the high current rise at the electrodes of the laser tube. All of the modules in the laser system are designed for long 
lifetime. At 157 nm the mini excimer laser reaches a maximum single-pulse energy of 2 mJ up to a repetition rate of 1000 
Hz. An overview of the results of long-term testing of these state-of-the-art mini excimer lasers at 157 nm will be given. 

Keywords: 157 nm, F2-laser, excimer laser, VUV, mini excimer laser 

1. INTRODUCTION 

Mini excimer lasers were developed in the recent years mainly for medical applications, especially in the field of 
ophthalmology. These mini lasers systems are used in a wide range of industrial applications at the normally used excimer 
wavelengths '. For some special applications in the telecommunication and semiconductor industry, besides the large 
excimer laser systems with several hundreds of mJ output energy, the mini systems with a maximum of 20 mJ 2 at 248 nm 
are advantageous. All components of the laser systems are developed for long lifetime. Therefore a solid state circuit 
replaces the formerly installed thyratron switch in the laser. Repetition rates up to 1000 Hz are now possible. New 
applications in material processing, especially in ceramics and optical materials, require a wavelength in the deep UV. Due 
to this trend to shorter wavelength a mini excimer laser system for 157 nm was developed. To achieve a commercially 
usable fluorine laser system some specific efforts had to be made. The fluorine laser is very sensitive to impurities in the 
gas. Therefore, all materials in the tube and all parts witch are in contact with the gas must be made of high-purity materials. 
The tube design itself must be specifically adapted for the fluorine laser system. 

2. EXPERIMENTAL SETUP 

For the fluorine laser some changes in the design of the standard laser tube were done. The electrode distance is reduced to 
3 mm in order to use the standard pulsed-power module of the ExciStar S series. A thyristor is used as switching element in 
the pulsed-power module. Additional compression stages with magnetic switches generate the necessary high dl/dt at the 
laser electrodes. All components of the pulsed-power module are installed in insulating oil. The laser tube in general, and in 
particular the laser gas in the tube and the oil of the pulsed power module are cooled by water. The tube and the pulsed- 
power module is installed in the housing of an ExciStar S-1000. The maximum possible repetition rate is limited by the 
power supply and the cooling rate of the pulsed-power module. The laser tube itself is adapted for work at 157 nm. The gas 
circulation was optimized. The electrodes were also specially developed for the fluorine laser. MgF2 windows with high 
reflective and partly reflective coatings are installed in the laser tube as an internal resonator. The emitted light at 157 nm is 
almost completely absorbed in air. Therefore the laser beam can be only delivered in a purged ( nitrogen or a rare gas) or in 
an evacuated beam path. Therefore the beam path can be connected to the optic by a standard Klein Flange (KF) vacuum 
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sealing with 25 mm inner diameter. As power meter a thermoelectric sensor from Molectron (type PM10-19-C) with an 
adapter for the vacuum sealing of the purged beam path was used. In addition a pyroelectric sensor from Molectron (type 
J25HR9) was installed as energy meter with an adapter as well. The beam profiles and the divergence were measured with a 
Merchantek beam profiler system (type Vision 1024) adapted for the deep UV-radiation by an integrated fluorescence 
screen. 

3. MEASUREMENTS 

Long-term tests were done with the mini excimer laser system. During these test the output power of the laser is 
permanently monitored. Normally, after each change of optics the energy stability, beam profiles and pulse duration were 
measured. These intervals are determined by the optic lifetime of typically 100 million pulses. All power and energy 
measurements were done with argon as purge gas. The red emission of fluorine in the visible is about 4 % of the output 
energy in the deep UV. This additional power is corrected in all measured data. Figure 1 shows the dynamic gas lifetime 
obtained at the maximum applied voltage and the maximum repetition rate of 1000 Hz. After more than 6 million pulses 
half of the starting laser output power is reached. 

Figure 1: Dynamic gas lifetime at 1000 Hz and maximum voltage 
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Figure 2 shows the dependence of the output power at maximum voltage on the repetition rate. The output energy is 
independent of the repetition rate. The measurement was done with new optics installed. Therefore, a maximum output 
energy of 2 mJ was observed. The irradiation of the windows by the laser leads to a degradation of the transmission of the 
optical material and the reflective properties of the coatings. A second source of degradation is the pollution of the windows 
with dust. This dust is generated by the electrical discharge due to electrode erosion. Therefore, a decrease in the maximum 
pulse energy can be observed with increasing shot number. After typically 100 million pulses the maximum output energy is 
about 50 % of the energy measured with new optics. 
Figure 3 shows the dependence of the pulse-to-pulse fluctuation sigma on the applied voltage. At low working voltages a 
rapid rise of the size of the fluctuations (sigma) can be observed. But in a wide range sigma is nearly constant. In figure 4 
the dependence of the pulse-to-pulse fluctuation sigma on the repetition rate is shown. The measurements were done at 
maximum voltage. Additionally, the maximum and minimum value of the pulse energy are displayed. 

Figure 3: Pulse-to-pulse fluctuation at 500 Hz depending on the applied voltage 
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All curves show only a small increase with rising repetition rate. The laser energy is very stable and nearly constant up to 
1000 Hz. The laser beam has a rectangular profile of 3 mm x 3.2 mm in the near field at 200 mm from the output coupler 
optic. The divergence is calculated from beam profiles in the near and far field at 1200 mm distance from the output coupler 
optic. The divergence is less than 2.5 mrad x 2.5 mrad. The pulse length is typically 16 ns (FWHM). The beam pointing 
stability is less than ± 0.5 mrad. 

4. SUMMARY 

The output data of the F2-Laser at 157 nm are summarized in table 1. The maximum efficiency (electrical input energy to 
optical output energy) is 0.2 %. The long-term measurements showed that the laser output parameters (maximum power, 
pulse-to-pulse-fluctuations, divergence and pulse length) are nearly constant over the total lifetime of the tube of about 1 
billion pulses. The mini fluorine excimer laser showed no decrease in the output data at repetition rates up to 1 kHz. The 
laser worked stable over hundreds of million pulses. After about 100 million pulses service intervals are necessary in order 
to change the laser optics. The lifetime of the mini excimer laser system is now distinctly increased and in a range for use in 
industrial applications like micro-machining and micro-lithography. Additional developments will be done to enlarge the 
maximum repetition rate and to increase the lifetime of the tube and the total system even further. 

Table 1: Summary of the fluorine laser output parameters 

maximum pulse energy 2mJ 
maximum repetition rate 1000 Hz 
pulse duration 16 ± 3 ns (FWHM) 
energy stability < 3 % standard deviation 
beam dimensions 3.2 mm x 3 mm 
beam divergence 2.5 mrad x 2.5 mrad 
pointing stability < ± 0.5 mrad x ± 0.5 mrad 
dynamic gas lifetime (at constant voltage, 
100 % to 50 % of the output power) 

6 million pulses 

optic lifetime 100 million pulses 
tube lifetime > 109 pulses 
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ABSTRACT 

We have realized a stable self-sustained discharge of high-pressure rare gases (Ar and Kr) using a compact discharge 
device. The glow discharge was obtained up to 10 atm of pure Kr. The vacuum ultraviolet emission intensity centered at 
148 nm abruptly increased when the charging voltage exceeded a certain value. This "threshold" behavior indicates the 
onset of the stimulated emission at the wavelength. In addition to this threshold behavior, a considerable spectral 
narrowing was observed when the charging voltage exceeded the threshold value. The deconvoluted spectral width was 
0.5 nm (FWHM), which was much narrower than that of 4 nm (FWHM) at the charging voltage below the threshold. 
This significant spectral narrowing also strongly indicates the onset of the stimulated emission at 148 nm. 

Keywords: vacuum ultraviolet, rare gas excimer, self-sustained discharge, discharge pumped laser 

There has been a considerable demand on the development of a practical laser in the vacuum ultraviolet (VUV) spectral 
region. Rare gas excimers are known to be one of the very few molecules that radiate in this spectral region. An electron 
beam excitation method has long been utilized to achieve the high power laser radiation in the VUV using these 
molecules [1]. In addition to this excitation method, compact discharge technique has been complementarily developed 
to realize practical VUV lasers. Such VUV lasers would open up various application fields, such as deep UV optical 
lithography and advanced materials processing. We have been studying and developing several new methods to realize 
compact VUV light sources using various compact discharge techniques, such as pulsed gas jet discharge pumping [23] 
and silent discharge excitation [4]. We also utilized soft x-ray emissions from a laser-produced plasma to ionize rare 
gases to produce the rare gas excimers by kinetics [5], and even used short pulse high intensity laser-produced electrons 
to initiate the rare gas production kinetics [6]. 

Many efforts have been pursued for the research and development of the discharge pumped rare gas excimer lasers. The 
group of the Clarendon Laboratory has made a pioneering work for the discharge pumped Kr2* laser [7], however, no 
successful laser operation was reported mainly due to gas impurities and the low power deposition in the discharge. In 
1990, the Kirov group reported the observation of the spectral narrowing of the Kr2* emission using a microwave 
discharge technique [8]. The decrease of the spectral width from 13.5 nm to 4 nm at the Kr pressure of 5 atm indicates a 
positive result, however, a rather low deposition power (7 MWcm3) may have limited the lasing. Recently Kochetov and 
Lo reported a theoretical work of a discharge pumped Xe2* laser [9]. Assuming a perfect self-sustained discharge, their 
result showed that one could obtain the gain duration of even hundreds of nanoseconds at 172 nm with high efficiency. 
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Their result may sound too optimistic from the experimental viewpoint, but indicates a promising conclusion for the 
possibility of the discharge pumped rare gas excimer laser. Using a traveling wave discharge excitation method, an 
optical gain of 0.6%cm' has been reported for the Ar2* emission at 126 nm [10]. The value of the gain seems to be 
reasonable but no other evidence of the lasing has been reported there. Despite these scientific efforts of various 
discharge pumping schemes, no discharge pumped rare gas excimer lasers have been reported to our knowledge. 

Referring to these previous results [7-10], we have paid a special attention for the following two points throughout the 
development; the preionization configuration to obtain self-sustained discharge as long as possible and the gas handling 
system to minimize the impurities in the gas. Other improvements on the stability of the discharge have been done 
according to the discharge physics and our experience. As a result, we have realized a stable self-sustained discharge of 
the high-pressure rare gases using a compact discharge device. The glow discharge was obtained even up to 10 atm of 
pure Kr. The VUV emission intensity centered at 148 nm abruptly increased when the charging voltage exceeded a 
certain value. In addition to this threshold behavior, a considerable spectral narrowing was observed when the charging 
voltage was increased. The deconvoluted spectral width was 0.5 nm (FWHM), which was much narrower than that of 
the spontaneous emission (13 nm). The abrupt increase of the VUV intensity and the significant spectral narrowing show 
a direct evidence of the onset of the stimulated emission at 148 nm. We thus have made the first observation of the VUV 
Kr2* excimer laser pumped by a compact transverse discharge technique. 

Fig. 1 shows the schematic diagram of the 
experimental apparatus. The laser tube was 
originally designed and constructed for the F2 

and rare gas halide lasers [11]. The discharge 
tube contained a pair of electrodes. The 
distance of the electrodes was optimized at 5 
mm. The widths of the cathode and anode 
were 3 cm and 5 cm, respectively. The 
electrode shape was thus asymmetric. The 
length of the electrodes was 110 cm. Fifty-one 
preionization pins in two parallel rows were 
placed near the cathode inside the tube. A pair 
of dielectric coated mirrors consisted of an optical 
cavity. A reflector had a reflectivity of 85% at 148 
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Fig. 1 Schematic diagram of the experimental apparatus. 

nm. An output coupler possessed the reflectivity of 
85% with 6% transmission at 148 nm. The distance between the two mirrors was 135 cm. A threshold small signal gain 
evaluated from this optical cavity configuration was 0.1%cm'. High pressure Kr inside the laser tube was sealed with 
two MgF2 windows. 

The discharge circuit was a charge transfer type with automatic UV preionization. The stored charges in the primary 
capacitor (150 nF) were transferred into the 127 nF secondary capacitors placed inside the laser tube through 102 UV 
preionization pins. The ratio of the primary and secondary capacitance was optimized. The inductance of 10 nH in a 
main discharge loop was evaluated from a time-resolved voltage waveform, which leads to a static discharge impedance 
less than 1 £2. The inductance of 1.7 //H was introduced in the primary discharge loop to ensure a good electrical contact 
between a high voltage feed-through and preionization pins inside. This inductance also regulated the timing between 
the switching and the gas breakdown. A mid-plane configuration was used as a gap switch. The discharge was operated 
at a single shot base. 

The emission from the discharge region was detected with a solar blind VUV photomultiplier coupled to a 20 cm VUV 
spectrometer. The slit widths of the spectrometer were kept as narrow as possible to avoid any damage of optics caused 
by the intense VUV emission, resulting in the spectral resolution of the system to be 0.4 nm (FWHM). Time-resolved 
signals of the VUV emissions were recorded using a 2 GHz digital oscilloscope. All electronic devices were connected 
to a personal computer for data acquisition, storage and further data processing. In order to minimize, the impurities 
inside the laser tube, a turbo molecular pump in addition to a rotary pump was used to evacuate the laser tube as low as 
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106 Torr. A laboratory-grade Kr (99.999%) was used throughout the experiments. 

switching noise 
P«r = 10atm 

Fig. 2 shows a time-resolved voltage signal, 
together with a time-resolved Kr2* emission 
waveform. The spike at the time zero was 
caused by a switching noise. After the gas 
breakdown at 1.4 JAS, the voltage signal started 
ringing with duration of 200 ns (FWHM), 
when the electrical power was deposited inside 
the discharge. The VUV emission evolved at 
the time of the breakdown and reached at the 
peak in 400 ns. The half width of the emission 
was 400 ns. This temporal behavior was much 
narrower than those observed at lower power 
deposition, which is described below.  Note 
that no noise caused by arcing is shown in the 
afterglow   regime   after   the   onset   of   the 
discharge. The stored energy in the primary 
capacitor was calculated to be 70 J. When 80% 
of  the   energy   was   transferred   inside   the 
discharge, the estimated deposited energy was 
approximately 10 Jem3. There is always an ambiguity about the estimate of an effective discharge volume, however, we 
evaluated the discharge width by inspecting the width of scars left on the electrodes. Although the measurement of the 
discharge current was not performed, the deposited power of more than 20 MWcm3 was estimated if assuming the 
current signal having a similar ringing behavior to that of the voltage signal. 
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Fig. 2 Time-resolved voltage signal with a time-resolved Kr2* signal. 

The charging voltage dependence of 
the Kr2* emission intensity is shown 
in Fig. 3. Time-resolved signals at 
two different charging voltages are 
also shown in inset. A spike at the 
time zero was caused by a switching 
noise. Stable self-sustained 
discharge was obtained even at 10 
atm Kr at different charging 
voltages between 27 and 31 kV, 
which was verified from the time- 
resolved voltage waveforms. When 
the voltage exceeded 29 kV, the 
Kr2*   emission   intensity   abruptly 
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Fig. 3 Charging voltage dependence of the Kr2* emission intensity. 
increased. The peak intensity at 31 
kV   became   almost   one   order   of 
magnitude as high as that at 29 kV. 
The time-resolved signals also changed dramatically. At the voltage of 29 kV, the time-resolved signal had a 2.6 ps 
width (FWHM) with a rise time of 1.2 fts. On the other hand, the time-resolved waveform showed a width of 400 ns 
(FWHM) with a rise time of 400 ns at the voltage of 31 kV. The difference of the intensity and pulse shape represents 
the voltage threshold behavior of the VUV emission and indicates the onset of the stimulated emission. 

In order to confirm this threshold behavior, the emission spectra were measured. The result is shown in Fig. 4. At the 
voltage of 27 kV, the spectral width was 4 nm (FWHM). In contrary to this, a considerable spectral narrowing down to 
0.4 nm (FWHM) was observed when the charging voltage was increased to 31 kV. The deconvoluted spectral width was 
evaluated to be 0.5 nm (FWHM) by taking into account of the transmission function of the detection system. Note that 
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the spectral width of the spontaneous emission of the 
Kr2* radiation was measured to be 13 nm (FWHM). 
This spectral narrowing is the direct evidence of the 
stimulated emission of the Kr2* emission at 148 nm. 
Together with the voltage threshold behavior described 
above, we have concluded that we have demonstrated 
the stimulated emission of the Kr2* excited by a 
compact discharge device for the first time to our 
knowledge. 
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ABSTRACT 

For some specific application areas like (V)UV lithography or special processing of certain materials with high average 
power (V)UV lasers excimer lasers have to be developed further. In this contribution we will summarise the recent 
progress of our VUV excimer laser programme on the ArF and F2 laser. Key point in our research programme is the 
production of long laser pulses in the order of 100 ns (FWHM). 
An existing laser chamber was modified and optimised for the ArF laser research programme. Different excitation 
circuits have been tested. For long pulse operation the laser is operated in the ferrite switched resonant overshoot mode 
using 18 cm2 of ferrite in the switch for a discharge volume of approximately 60 x 0,7 x 1,2 cm3. Long optical pulses of 
up to 116 ns have been obtained with a lean gas mixture and a very low self-inductance of the electrical circuit of the 
packing capacitors. 
For the F2 laser a new discharge chamber and a new X-ray preionisation source was designed. With this set-up it was 
possible to produce a F2 laser with a large optical cross-section of 1,5 x 2,4 cm2 operating at an intrinsic efficiency of 
0,1%. With a different electrical circuit the system produced long optical output pulses of 70 ns (FWHM) in a gas 
mixture of helium and 3 mbar F2 at a total gas pressure of 2 bar. 

Keywords: Excimer laser, long pulse, 157 nm, 193 nm, gas discharge, X-ray preionisation 

1. INTRODUCTION 

In general lasers are classified on basis of the employed lasing material. There are solid state, semi-conductor, 
dye, gas and free-electron lasers. Of these lasers, the gas lasers combine high (average) output power with high beam 
quality as the laser medium remains very homogeneous even at high input powers. Unsurpassed in high power is the 
C02 gas laser operating in the infra-red around 10 nm. A well established class of high power gas lasers operating in the 
ultraviolet (UV) part of the electro-magnetic spectrum are the excimer lasers of which the KrF and the XeCl laser are 
well-known representatives. The rapid progress in the field of diode-pumped solid state lasers has led to the 
development of compact laser systems with improved output power, efficiency and reliability. Therefore gas lasers 
operating in the visible to near-infrared are increasingly replaced by diode-pumped solid state lasers eventual in 
combination with non-linear frequency conversion schemes. However at high power levels the solid-state based laser 
systems still can not compete with gas lasers as thermal loading of the laser crystals and of the non-linear crystals 
prohibits operation at high output powers. The lack of transmitive materials limits also the accessibility of the vacuum 
ultraviolet (VUV) by solid state lasers down to 180 nm. The only reliable high power lasers operating in the (V)UV are 
ArF* and the molecular fluorine (F2*) gas laser operating at 193 nm and 157 nm respectively. 
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Excimer lasers can be very powerful lasers with large beam diameters at short wavelengths. A short wavelength means 
a high photon energy. These properties make excimer lasers ideally suitable for applications such as material processing 
and lithography. 
Current lithographic techniques use KrF lasers to print 250-120 nm size features and ArF lasers for sizes as small as 90 
nm. In the near future the F2 laser emitting at 157 nm will allow feature sizes as small as 70 nm. The resolution is given 
by JtiWNA while the depth of focus is given by fc2W(NA)2. kx and k2 depend on both the desired feature size and the 
manufacturing process, fci can be reduced by using 
resolution enhancement techniques such as off-axis 
illuminating,   phase   shift   masks   and   optical 
proximity correction. In Fig. 1 the resolution as a 
function kx is given for various light sources. The 
area under the horizontal line in Fig.l  can be 
covered with resolution enhanced techniques. 
The conventional optical lithography area will end 
with the F2 laser. For wavelengths shorter than 157 
nm no optical materials are available anymore. It is 
already a large challenge to develop good optical 
materials, resists and pellicle films for the F2 laser 
wavelength. Introducing the F2 laser is just at the 
edge of the possibilities as is stated by Will Conley1: 
"157   nm   may   be   the   most   difficult   optical 
technique; however, it is the least difficult post 193 
nm technology". Fig'1  DePendency of resolution on kj 

Future lithographic techniques will probably use EUV light sources. Currently in the USA subsystems are being 
developed which will be integrated into a lithographic tool referred to as the Engineering Test Stand (ETS). Various 
radiation sources are under development one of which is based on a laser produced plasma source. An intense laser 
beam is focused onto nano-clusters of Xenon that are produced in a supersonic jet. The heated plasma emits broadband 
radiation centred at 45 eV with discrete peaks due to atomic transitions 2. Another source under consideration as a 
possible EUV source is a pulsed capillary discharge which yields a higher flux in the EUV 3. A drawback of this 
technique is the erosion of the wall of the discharge tube. Also in Europe an EUVL test bench is under construction 
studying future lithographic techniques like laser plasma and synchrotron EUV sources 4. 

In material processing the available sources are restricted to high energy lasers because of the flux requirements. In 
contrast to a lithographic application where a high-intensity per unit wavelength is required broadband light sources are 
allowed for material processing applications. The short wavelengths and consequently high photon energy of excimer 
lasers leads to special applications in material processing. Apart from the booming market in medical fields like eye 
surgery, with photorefractive-keratectomy (PRK)5 and laser in situ keratomilensis (LASIK) 6, and micro-surgery, other 
promising fields are micro-machining 7'8, surface ablation and optical telecommunication where small scale structures 
can be made with these light sources9. On the other hand as stated before gas lasers can be designed to operate at high 
power levels which opens a new field for high speed, high volume processing applications. With the 1 kW (1 
Joule/pulse, 1 kHz) XeCl excimer laser developed at NCLR bv, The Netherlands, it is for example possible to drill in a 
short time, a large numbers of tiny holes in aircraft wings 10. By sucking off the boundary layer through these small 
holes the air turbulence across the wings can be reduced to a large extent during the flight of the airplane u. Another 
application is drilling numerous special shaped holes in turbine blades of jet engines. The cooling characteristics of the 
turbine blades can be improved considerably in this way1213. 

However, most of these applications need a high beam quality, which means a low divergence of the beam and a well 
defined mode structure. The properties of the laser beam are mainly determined by the resonator properties. When the 
radiation field inside the resonator starts from the optical noise of the spontaneous emission it has a large number of 
degrees of freedom. After several round trips inside the resonator only those spectral and spatial modes that fit the 
resonator are amplified enough to sustain lasing, while the other modes die out. The result is a narrower bandwidth and 
a decreased divergence, which allows for better transportation of the beam over long distances and a better focusability 
of the beam for small-size applications. For pulsed lasers the combination of the resonator set-up and the pulse duration 
is a decisive parameter for the beam quality. Longer pulses can generate beams with improved optical quality u and 

Proc.SPIE Vol. 4184 339 



reduce the damaging of optics, since such processes as compaction and colour centre formation are related to the 
incident intensity. Long laser pulses equally facilitate the transportation of optical signals through fibers. It has also 
been shown that long excimer laser pulses are very interesting for the generation of long X-ray pulses for the study of 
bacteria. Furthermore, long pulse operation lowers stresses on the electrical components of the set-up. In the following 
paragraphs the ArF and F2 long pulse excimer lasers will be discussed in more detail. 

2. THE ArF LASER 

Cathode- 
Anode — 

Discharge 

The ArF excimer molecule has two very closely lying upper states, the B and the C state. The mixing between these two 
states is sufficiently fast to be treated as a single state with a lifetime of ~4 ns. The lower level A and X states are also 
strongly mixed. Therefore, the radiative transitions between the upper level states and the lower level can be seen as a 
continuum without a structure 15. Lasing of this molecule was first reported in 1976 with e-beam excitation 16 of an 

Ar/F2 gas mixture. Apart from e-beam excitation also 
discharge excitation 17 and e-beam sustained discharge 
techniques have been used in those days. For commercial 
applications only discharge pumped systems arc interesting 
because they allow high repetition rate operation. In e-beam 
pumped systems the thin foil which separates the laser gas 
(pressure several bar) and the electron source (vacuum) will be 
heated too much at high repetition rates and foil problems will 
be unavoidable. Problems to be solved in discharge systems 
are a proper initiation of a volumetric gas discharge and once 
created, to keep the discharge stable for a longer period of 
time. A proper initiation can be achieved by using a pre- 
ionisation technique by which sufficient electrons in the laser 
gas mixture are created before the pumping pulse will be 
applied. Usually UV or X-rays are used as pre-ionisation 
source. Since X-rays have a large penetration depth large 
aperture systems can be homogeneously preionised with X-ray 
preionisation. The enhancement of the discharge stability of F2 
based laser gas mixtures is the subject of our current research. 

X-ray 
- Anode 
- Cathode 

Fig. 2 Schematic view of the laserchamber 
and X-ray source 

The laserhead used in our experiments was previously used for XeCl and XeF laser experiments at total gas pressures of 
up to 10 bar. The attached X-ray source was therefore modified producing 50 ns (FWHM) X- ray pulses generating an 
electron density of up to 2.108 cm^bar"1 in He and up to 5.109 cm"3bar_1 in Ar (operating the X-ray source at a charging 
voltage of 28 kV). The X-rays are entering the laser 
chamber through the 1 mm thick aluminum anode. The 
laser head consists of a rectangular stainless steel vessel, 
fitted at opposite sides with uncoated MgF2 windows. The 
cross-section of the laserhead is given in Fig. 2. The 
approximately 95 mm wide laser cathode is  of the 
uniform field type, the grounded anode is flat (see Fig. 2). 
The discharge volume is approximately 60 x 1.5 x 1.2 
cm3 (/ x w x h). Both electrodes are made of nickel plated 
aluminium. A typical gas mixture for the ArF laser is 6 
mbar F2, 100 mbar Ar, 200 mbar Ne and 3.7 bar He. The 
PFN and the peaking capacitors are mounted on top of the 
laser vessel, electrically separated by the rail gap or by a 
ferrite switch. The PFN capacitors are fastened in pairs 
between copper strips in the form of separate columns 
and  with  a  variable  number  of rows.   The  middle 
conductor is charged, the outer conductors are grounded 
on the laser vessel, which is grounded externally. All 
Other electrical components Of the set-up are grounded on Fig, 3 ArF laser output as a function cf the pre-ionisation delay time 
the laser vessel as well. The pre-pulse is generated by a a Church, A: Resonant overshoot and .: Swing mode 
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mini-marx generator, the same as the X-ray source driver. Both mini-marx generators are pressurized with nitrogen, just 
higher than the critical pressure for spontaneous breakdown. The nitrogen is flowed at a rate of 5 //min. The PFN is 
pulse charged in a few jxs from a separate circuit, consisting of a storage capacitor and an EEV CX1725 hydrogen-filled 
thyratron switch. 
Several excitation circuits, each working with different 
switching schemes like the charge transfer mode, church 
mode, swing mode or resonant overshoot mode have been 
tested to pump the gas discharge. It appeared that for short 
pulse operation the swing mode was superior to the other 
modes, hi the swing mode the polarity of the prepulse is 
opposite to that of the main pulse which causes a polarity 
reversal of the electrode voltage in the preionisation phase. 
From experiments with different delay times between the 
start of the X-ray pulse and the breakdown of the main 
discharge it can be seen that in the swing mode two timing 
windows exists 18. In Fig. 3 the influence of the delay time 
on the laser output is shown. Especially the timing window 
for larger delay times (between 40 and 80 ns) shows very 
good results. Due to the fact that in two time intervals the 
voltage at the electrodes for two different polarities is much 
higher   than   the   steady   state   voltage,   so   electron 
multiplication can take place here, a much better and more 
homogeneous preionisation is obtained resulting in a better 
laser performance. 
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Fig.4 Typical waveforms of the laser pulse 

In order to improve the results with this laser several 
hardware modifications have been made on the laserhead 
resulting in a lower self-inductance of the laserhead. At 
first additional current return paths on either side of the 
electrodes were mounted inside the laserhead thereby 
reducing the head inductance from 18 nH to 11 nH. It resulted in a higher specific laser output energy and slightly 
longer optical pulses. 
As the next step the peaking capacitors were replaced from outside the laser vessel to the innerside equally distributed 
on either side of the electrode. With a different uniform field cathode placed at a distance of 12 mm from the flat anode 
a discharge volume of approximately 60 x 0.7 x 12 cm3 is created with this configuration. Compared with the previous 
mentioned experimental configuration a significant increase in the performance of the laser is found. When using He as 
a buffergas in the modified setup the laser pulse length is found to be increased from 26 to 32 ns (FWHM). The 

maximum output energy is increased from 50 mJ (0.5 
3/1) to 97 mJ (1.9 M). With the Ne buffered gas mixture 
the measured pulse length is up to 48 ns (FWHM) with 
an output energy per pulse of 181 mJ (3.6 3/1). These 
values for the specific output energy are in the same 
range as the figures reported in the literature for short 
pulse ArF lasers namely between 2 J/L and 5 JA. 
However the average pulse lengths mentioned in these 
papers is approximately 12 ns19'20. 
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Fig. 5 Laser pulse length (FWHM) and output energy vs F2 

concentration 

In order to obtain long excimer laser pulses the laser 
gas mixture should contain only low concentrations of 
the active gases especially of the halogen donor. 
Typically a lean gas mixture for a long pulse XeCl 
laser contains only -0.7 mbar HC1 and -10 mbar Xe in 
a Ne buffered gas mixture at a total gas pressure of 5 
bar [14]. With the unmodified experimental setup as 
described earlier ArF lasing could not be obtained with 
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such a lean gas mixture. The reduction of the self-inductance of the peaking circuit turned out to be the crucial step in 
order to obtain ArF lasing pulses with the lean laser gas mixtures. 
Experiments with lean gas mixtures described below show that there is a clear trade-off between the laser gain and the 
discharge stability and therefore between the output energy and the pulse length. During the experiments the resonator 
is formed by a high reflecting concave mirror (R = 6 m) on one side and a plane output outcoupler with a reflection of 
90 %. Both mirrors are placed outside the laser vessel. The standard gas mixture is 1.0 mbar F2, 19.0 mbar He and 50 
mbar Ar. Ne is added as buffergas up to a total gas pressure of 5 bar. The laser is operated in the ferrite switched 
overshoot mode using 18 cm2 ferrite in the switch. The 
capacitance CPFN of the PFN is 427 nF and CP of the 
peaking capacitor is 4.6 nF. The laser is operated with a 
PFN voltage of 5.3 kV which is about twice the steady 
state discharge voltage. In Fig. 4 a set of typical wave 
forms is shown. The discharge voltage is calculated 
according to: 

dIMain VCalc = VP - LVe dt 
with Lvess = 8 nH and VP the voltage measured by the 
main voltage probe outside the laser vessel. 
As in previous experiments the dependency of the laser 
output and the optical pulse length was measured as a 
function    of    the    preionisation    timing,    the    gas 
composition,   the  total  gas  pressure  and  pumping 
power21. In Fig. 5 a set of parametric measurements is 
shown. In this figure the optical pulse length and the 
laser output energy is given as a function of different F2 
partial pressures in the standard gas mixture. As can be 
seen in Fig. 5 the longest optical pulse of 116 ns (FWHM) was measured for 0.5 mbar F2 in the laser gas mixture with a 
specific output energy of 4 mJ/1. By increasing the charging voltage of the PFN the output energy could be enhanced as 
is shown in Fig. 6. The gas mixture used in these experiments is the standard gas mixture (F2: Ar : He : Ne = 1.0 : 50.0 
: 19.0 : rest, [mbar]) at a total gas pressure of 5 bar. 
In conclusion it is shown that long optical ArF laser pulses can be obtained from a discharge pumped laser system. The 
discharge is made stable by the use of a proper preionisation, a lean laser gas mixture and a low inductance laserhead. 

Fig. 6 Laser puke length (FWHM) and output energy vs 
energy stored in the PFN 

3. THE MOLECULAR F2 LASER 

The radiative transition of the F2 laser is a bound-bound transition from the excited D^TIg) state to the A1(3FIU) ground 
state of the fluorine molecule. This transition is different from the usual excimer molecules in the sense that "normal" 
excimer transitions have an unbound ground state. Due to the bound-bound transition and the finite lifetime of the lower 
laser level of the F2 molecule it has been suggested that the laser should be self terminating and no long pulse operation 
should be possible22,23. From our previous work on the e-beam pumped F2 laser it appeared that the length of the laser 
pulse was only limited by the length of the pumping pulse. With our e-beam system a molecular F2 laser output pulse 
width of 160 ns (FWHM) and an output energy of 1.8 J (11.3 J/l) has been realised 24. Simulations on the F2 lasers also 
suggest that depopulation of the lower laser level is fast enough to maintain gain during long pulse operation 25. A 
further difference with the usual excimer laser is the spontaneous emission bandwidth of the molecular F2 laser. Due to 
the bound-bound transition of the F2 molecule the emission bandwidth is considerably smaller than from excimer 
transitions. Typical numbers are 1 nm for excimer transitions to 0.2 nm for the molecular F2 transition. The laser 
linewidths are in the order of 1 to 5 pm 26. 
The first discharge pumped F2* laser, demonstrated by Pummer in 1979 27, had an output energy that was limited to 
about 8 mJ. In the past decade considerable progress is made with regard to the output energy of the laser. The 
development of low inductance discharge devices operating at high pressures and delivering high specific pump powers 
in a short pulse has led to a major increase in the output energy of up to 240 mJ28. Typically laser pulses of 10 to 30 ns 
(FWHM) are obtained. The high peak intensity generated by these laser devices is however a disadvantage because it 
limits the lifetime of the beam optics. At 157 nm only two optically transparent materials are available: MgF2 and CaF2. 
These materials exhibit a strong absorption when exposed over extended periods to this short wavelength, high intensity 
laser beams. The absorption is attributed to the generation of crystals defects (color centers). Another problem is the 
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capacitor 

very high gain in the F2* laser when it is operated at high pumping power densities. The laser beam is dominated then 
by amplified spontaneous emission (ASE) and shows a strong divergence up to several mrad resulting in a poor 
focusability 29. A low beam divergence allows focusing to a smaller spot size and hence a higher brightness will be 
obtained which is important for applications like high resolution material processing. 

Our goal is to develop a long pulse, discharge pumped F2* laser in 
which a high output energy can be combined with a high beam 
quality. An extension of the laser pulse duration offers also the 
possibility to maintain the energy extraction while reducing the 
laser peak intensity thus avoiding color center formation in the 
beam optics. 
Recent advances in discharge technology have lead to the 
development of long pulse excimer lasers with a high average 
output power. A XeCl laser is demonstrated with a laser pulse 
duration of 200 ns and an average output power of 1 kW at a 
repetition rate of 1 kHz 10. The performance of F2 lasers that are 
commercially available is rather modest in comparison with the 
XeCl laser. For a repetition rate of 50 Hz an average output power 
of 3 Watt is obtained. The laser beam exhibits a large divergence 
due to the limited number of roundtrips possible within the short 
pulse length of 20 ns. Extension the laser pulse duration permits 
the improvement of the beam quality. We will discuss the 
successful operation of a discharge excited, long pulse F2 laser in 
which key technologies for high repetition rate operation are 
implemented. 

X-iay source 

Fig. 7 Cross-section of the laser head 

One of the key technologies is the design of a laser head with a very low self-inductance. The laser head with the 
capacitors and the discharge electrodes is mounted in a high pressure vessel as schematically illustrated in Fig. 7. The 
low inductance laser head is provided with a high voltage pulse HVin by a charge-transfer circuit from a double stage 
Marx generator with a total capacitance of 10 nF. The laser head consists of two metal plates holding two rows of 
capacitors in between. The lower plate is made of aluminum and forms the anode. The nickel plated, aluminum shaped 
cathode is attached to the upper plate. The capacitors (type TDK UHV 5A/7A) are placed along the cathode and are as 
close as possible to the discharge gap. This construction ensures a low inductance of the discharge circuit. It allows a 
rapid rise of the discharge current resulting in a high 
power deposition in the laser gas. The capacitance of the 
laser head can be easily varied and in this study amounts 
to 14 nF and 30.6 nF respectively. The inductance of the 
laser head is calculated from the oscillation period of the 
current in the discharge circuit. It amounts to 1.7 nH and 
1.1 nH when the laser head is respectively equipped with 
a capacitance of 14 nF and 30.6 nF. The cathode has a 
length of 42 cm and a width of 2.2 cm. Setting the 
electrode spacing to 0.8 cm results in a discharge width of 
1.4 cm and a excited volume of 46 cm3. When the 
electrode spacing is set to 1.5 cm, the discharge has a 
width of 2.4 cm and an excited volume of 153 cm3. 

X-rays 

tantalum foil 

field shaping 
electrode (HV) 

plasma 

trigger 
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Fig. 8 Cross-section of the X-ray source As the high pressure vessel has no entrance window for 
the X-rays, the X-ray preionisation source has to be 
placed inside the vessel. Because the space inside the 
vessel is limited the X-ray source is build very compact such that it fits in an aluminum tube with an outer diameter of 5 
cm and a length 74 cm. The X-ray source is mounted directly under the anode. The X-rays have to pass the 1.5 mm 
thick wall of the tube and the 1 mm thick aluminum anode before reaching the laser gas. The low energy part of the X- 
ray spectrum is strongly absorbed in the aluminum causing a cut-off of the spectrum around 15 keV. The X-ray source 
is a revised version of a source developed earlier for the preionisation of a XeCl laser 30. It employs a corona plasma 
cathode from which the electrons are emitted. The electrons are accelerated towards an anode with voltages ranging 
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from 40 kV up to 110 kV. The electrons produce Bremsstrahlung when they are decelerated in the high Z material of 
the anode which is attached to the vacuum housing of the X-ray source. In Fig. 8 the cross-section of the X-ray source is 
shown. The cathode consists of a pyrex tube with a metal foil wrapped tightly around it. In the metal foil a rectangular 
window is cut. A thin tungsten wire is wound around the tube with a pitch of several mm. Inside the tube a metal rod is 
placed serving as a trigger electrode for the initiation the corona plasma. With a small six stage mini-Marx generator a 
fast rising high voltage difference is applied between the trigger electrode and the metal foil. At the window in the foil, 
electrons are liberated from the wires by field emission. The electrons are accelerated towards the trigger electrode and 
hit the surface of the pyrex tube. They ionise surface material thereby creating a plasma that covers the window cut in 

the metal foil. A well defined plasma region is 
established from which easily electrons can be 
extracted and accelerated towards the anode 
(see Fig. 8). The anode consists of a 25 (jm 
tantalum foil attached to the wall of the 
aluminum tube. The trigger electrode is 
connected via the capacitance Cc to earth. This 
capacitance acts in series with the inherent 
capacitance (CTF) between the trigger electrode 
and the metal foil to divide the applied voltage 
to about a third. This reduces the electrical 
stress on the pyrex tube and enhances its 
lifetime. With this X-ray source with a pulse 
width of 25 ns an electron density of 5.108 cm3 

was produced at the location of the discharge in 
5 bar He at a Marx load voltage of 20 kV/stage. 

Fig 9 Experimental setup Tbe   eiectron   density   was   measured   to   be 
proportional to VT^, ^n. 
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With the high intensity X-ray source and the low-inductance laserhead it was possible to operate a molecular fluorine 
laser with a large cross-section of 1.5 x 2.4 cm2 (electrode spacing x discharge width). The laser was operated with a 
resonator formed by a high reflectance dielectric mirror (R= 94 %, T< 1 %, Laser Optik GmbH) and an uncoated MgF2 

output coupler (R« 6%). The length of the resonator was 70 cm. The mirrors were placed inside the laser vessel close to 
the discharge section as shown in Fig. 9. The laser beam emerges from the left side of the vessel through a MgF2 

window. The window is tilted 5° to the axis of the laser to prevent back reflections into the laser medium. The laser 
energy is measured with pyroelectric a energy meter. The time history of the laser pulse is measured with a solar blind, 
vacuum photodiode (ITTF4115) in combination with an optical transmission filter for 157 nm. The optical paths to the 
detectors are evacuated to avoid strong absorption of the 
157 nm laser light by the Schumann-Runge bands of 
molecular oxygen. The output energy of the red atomic 
fluorine emission which usually accompanies the 157 nm 
molecular  fluorine  emission   is   subtracted  from   the 
measured total energy.  A cryogenic gas purification 
system is connected to the laser system to remove dust 
and absorbing impurities from the laser gas. It consists of 
a circulation pump, a liquid nitrogen cooled trap and a 
dust filter. The purification system is used during all laser 
experiments. The pressure of the laser gas is limited by 
the maximum operating pressure of the circulation pump 
which amounts to 5 bar. 

An extensive laser performance study was done. The 
dependence of the laser output energy on the 
preionisation timing and strength, on the gas composition, 
the charging voltage of the main Marx generator was 
measured. Three different laser head configurations with 
varying capacitance and electrode spacing have been 
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Fig. 10 Output energy as function of the charging 
voltage of the Marx generator 
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used. In Fig 10 the dependence of the output energy on the charging voltage of the Marx generator is shown for three 
different laserhead configurations and with a laser gas mixture containing 0.1% F2 in He at a total gas ressure of 5 bar. 
In configuration I the capacitance C2 of the laser head is 14 nF and the inductance is 1.7 nH. The electrode spacing is set 
to 0.8 cm which results in a discharge width of 1.5 cm. In configuration II the capacitance C2 is raised to 30.6 nF, the 
inductance amounts to 1.1 nH. The electrode spacing and the discharge width are the same as in configuration I. For 
configuration in the capacitance C2 is 14 nF and the inductance is 1.7 nH. The electrode spacing is raised to 1.5 cm 
which results in a discharge width of 2.4 cm. The maximum output energy increases from 9.4 mJ to 12.6 mJ when the 
capacitance is raised from 14 nF (config. I) to 30.6 nF (config. II). A much higher energy extraction can be reached by 
increasing the discharge cross section from 0.8x1.5 cm2 (electrode spacing x discharge width : config.I) to 1.5x2.4 cm2 

(electrode spacingxdischarge width : config.ni). Consequently the discharge volume increases by a factor of three from 
46 cm3 to 153 cm3. The maximum output energy scales nearly proportional with the discharge volume from 9.4 mJ to 
26 mJ. With laser head configuration I a maximum a pump power density of 10 MW/cm3 is obtained which results in a 
specific output energy of 0.2 J/l. For configuration Ö the electrode spacing is kept at 0.8 cm so that the breakdown 
voltage will not change. Although the capacitance is roughly doubled the pump power density increases less due to a 
less efficient energy transfer from the laser head to the discharge during the first power deposition pulse. The maximum 
pumping power density increases to 15 MW/cm3 resulting in specific output energy of 0.3 J/l at an efficiency of 0.3 %. 
For configuration III the electrode spacing is raised by nearly a factor of two. This leads to a doubling of the breakdown 
voltage and an increase of the energy stored on the laser head by a factor of four. The discharge cross-section and with 
that the discharge volume increases by a factor of three. Accordingly, the pumping power density can increase with a 
factor of 1.3. The specific output energy is somewhat lower with an enlarged discharge cross section. For a peak 
pumping power density of 11 MW/cm3 a specific output energy of 0.17 M is measured. The intrinsic efficiency 
amounts to 0.1 % which is comparable to values measured for discharge excited F2* lasers with a small discharge cross 
section31. 

charge:        1 discharge 
.   phase j  /\   -phase 

The charge transfer circuit is very well suited for 
pumping at very high power densities. In order to 
diminish the occurrence of discharge instabilities 
and  to  make  long   optical  pulses  a  prepulse- 
mainpulse excitation circuit is a better choice. This 
type  of excitation  circuit has  been   shown  its 
excellent pumping qualities in the production of 
homogeneous   discharges   for   long   pulse,   high 
repetition rate XeCl* lasers10'32. The experimental 
setup  is  the  same  as   shown   in   Fig  9.   The 
outcoupling MgF2 mirror is however replaced by 
another high reflecting mirror (R= 98 %, T< 0.2 %) 
thus forming a high Q resonator. The laser is excited 
with the prepulse-main pulse system operating in 
overshoot mode. Unless stated otherwise, a gas 
mixture of fluorine in helium is used at a total 
pressure of 2 bar. In Fig. 11 typical waveforms of 
the x-ray preionisation pulse, the voltage at the 
peaking capacitors,  the current from the main 
capacitor, the power deposition calculated from the 
voltage and current signals and the laser pulse are 
shown. The main capacitor Cm is slowly pulsed 
charged from the primary capacitor Cj. The charging voltage is also applied to the peaking capacitors and the laser 
electrodes. At the peak of the charging voltage a positive prepulse is applied to the peaking capacitors. This creates a 
large voltage difference across the magnetic switch driving it from a high to a low inductance state. The peaking 
capacitors are now resonantly charged by the main capacitor. The voltage reverses and rises fast until the laser gas 
breaks down. The low inductance of the laser head allows a fast rise of the current and thus a high power deposition 
from the peaking capacitors during the start of the discharge. The short risetime of the current leads to the formation of 
a dense hot-spot structure which enhances the homogeneity of the discharge and favours the generation of long laser 
pulses33. The high power deposition will reduce the ring-up time of the laser. A current from the main capacitor starts 
flowing through the low impedance discharge driving the magnetic switch deep into saturation. The resulting low 

Fig 11 Temporal behaviour of the x-ray preionisation pulse, voltage 
across the laser head, current from the main capacitor, power deposition 
from main capacitor in the discharge and the laser pulse in a gas mixture 
of helium and 3 mbar F2 at a total pressure of 2 bar. Load voltages: on 
main capacitor Ucm =12 kV, on prepulse capacitance X]CvT = 20 kV, on 
the power supply for the X-ray source Ux= 18 kV. 
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inductance of the magnetic switch permits the main current to rapidly enter into the discharge as shown in Fig. 11. The 
oscillations on the voltage after the start of the discharge are induced by current oscillations in the circuit formed by the 
peaking capacitors, the laserhead inductance and the low impedance discharge. Near the peak of the main current the 
oscillations have damped out and the actual discharge voltage is measured (LHdi/dt=0). A specific peak power 
deposition in the order of 2 MW/cm3 is calculated at the peak of the main current. After a build-up time of 20 ns a laser 

pulse of 70 ns (FWHM) is generated. The decay of the 
laser intensity proceeds at a much faster rate than given 
by the photon lifetime of the cavity (= 75 ns) indicating 
that the intracavity losses must be large. The modulation 
on the laser pulse reflects a modulation on the gain in the 
presence of large intracavity losses. The modulation on 
the gain results from oscillations in the power deposition 
caused by the current from the peaking capacitors. The 
laser pulse is seen to terminate before the end of the 
current pulse. 
In Fig 12 the output energy and the laser pulse width as a 
function of the fluorine partial pressure in a gas mixture 
with helium at a total pressure of 2 bar is plotted. The 
loading voltage on the main capacitor is kept constant at 
12 kV. Each point in the graph is an average of 9 
measurements. Load voltages: on main capacitor Uc„, 
=12 kV, on prepulse capacitance UCpp = 20 kV, on the 
power supply for the X-ray source Ux = 18 kV. Power 
deposition « 2 MW/cm3. The output energy is 
proportional  to the integral  of the laser pulse.  An 

optimum in the output energy is found at 5 mbar F2. The laser pulse width reaches an optimum value of 70 ns (FWHM) 
at 3 mbar F2 pressure. 
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Fig. 12 The output energy and the puke width (FWHM) as a 
function of the F2 partial pressure in a gas mixture with helium 
at a total pressure of 2 bar. 

In conclusion we have shown that the application of a prepulse-main pulse excitation scheme utilising a saturable 
magnetic switch in combination with x-ray preionisation has resulted in the generation of long optical pulses from a 
molecular fluorine laser. Optimum laser pulse durations of 70 ns (FWHM) have been obtained in a gas mixture of 
helium and 3 mbar fluorine at a total pressure of 2 bar. The laser pulse duration is found to decrease with increasing 
fluorine pressure and to saturate with increasing current density. 
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Abstract 

Recent progress in excimer laser technology developed at TRINITI is reported. The key of the technology is a 
combination of simple reliable UV preionizer based on creeping discharge on surface of a sapphire plate and the compact 
highly efficient gas flow system. This technology allows to develop very compact, high power, high repetition rate models 
of excimer lasers capable to deliver stabilized average power up to 500W (XeCl, KrF), 250W (ArF) and realise pulse 
repetition rate of more then 5 kHz.. 

Keywords: excimer laser, power, high repetition rate 

1. Introduction 

The current and advanced industrial applications of excimer lasers are needed in various combinations of such 
laser parameters as wavelengths (X), pulse energy(E), repetition rate(co). In addition pulse to pulse energy stability, 
characterised by standard deviation (cr), is very important. 

Today, highest level of a stabilized average power of industrial excimer (XeCl, KrF) laser is about 200W [1]. In 
principle, to realise higher throughput of process with use of laser an increase of output average power is desirable as the 
first requirement! 1].Increasing the pulse repetition rate in KrF, ArF lasers more 2 kHz, available today [2], is potential 
need for DUV lithography. 

Here we report the results of the development of two perspective models of excimer lasers for industrial 
application. The first model is oriented on high level of the stabilized average power (500 W for XeCl, KrF and 250W for 
ArF) and high output energy per pulse. This model is perspective for use mainly for polycrystalline-silicon TFT technology 
to provide next generation of large size Active Matrix Liquid Crystal Display (AMLCD). The other advanced applications 
are micromachining, shock hardening, cleaning of large surfaces contaminated with radionuclides. 

The second model is intended for use in technology, which demands the high pulse repetition rate with moderate 
energy per pulse. DUF lithography can be the main application of this model today. 

2. Model HPEL (High Power Excimer Laser) 

In this model the discharge electrodes and gas-flow system are located in the tube with a diameter 0.5m and 
length 1.2m. The diametrical fan provides a gas velocity (V) of about 45m/s in the interelectrode gap D=3cm. The 
construction of the laser model allows magnification of D up to 7 cm. In this case V decreases down to 25m/s. The 
measurements demonstrated , that a fluctuations of a gas velocity along discharge length do not exceed 15 % from the 
average value. 

Changing structure of a gas mixture, interelectrode gap D and discharge width B as well as use of various 
excitation systems, we could obtain various combinations X, A, co, with the request of max average power P = E x a> for a 
selected wavelength X. 

An attractive feature of the created model is the simple and reliable UV preionizer based on creeping discharge on 
a dielectric surface developed by us earlier [3-4]. Different from corona discharge, which creates low level UV 
preionization [5], the creeping discharge provides homogeneous, high-power UV preionization, which allows to achieve 
the output energy in XeCl lasers up to 20 J[3] and the average power of lkW (10J x 100Hz) [4,6]. 
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In case interelectrode gap D > 28 mm , the sapphire plate, on which surface creeping discharge develops, is placed 
under slotted, grounded electrode, as it was described in detail in [3,6], and for D < 28 mm sapphire plate is located on the 
side of solid grounded electrode. 

The main combinations of parameters obtained for the model HPEL, are indicated in the table 1. 
Table 1. 

Model HPEL, combination of possible parameters 
Radiating Molecule XeCl XeCl KrF KrF ArF 

Wavelength, run 308 308 248 248 193 

Maximum Pulse Energy, J 4.6 3 1 0.2 0.08 

Max. Repetition rate, Hz 150 200 620 4000 4000 

Stabilized Average Power, W 500 500 500 500 250 

Pulse Duration(FWHM), ns 67 62 36 28 24 

Beam Dimensions (typ.JFMHM), mm 70x44 60x30 28x8 28x3 28x2 

Pulse to Pulse Energy Stability (a), % 1.5 1.5 1.8 2.0 2.8 

As it is seen from Table 1, the model HPEL allows to realise a high level of the average power with different 
wavelengths of laser radiation and is rather universal to meet requirements of various users of lasers. Modifying the 
combination of parameters is possible without changing cardinally the base structure of the model. 

The model HPEL was tested in a multihour mode of laser operation for various combinations of laser parameters. 
In particular, the 500W test with XeCl was run continuously for 8 hour with 2,5J per pulse and 200 Hz without change of a 
gas mixture. The behaviour of output energy E and pulse to pulse energy stability during 105 pulses is shown in Fig..l with 
stabilized level of an average power 500W (A.=308nm). 
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Fig. 1 Output energy and pulse to pulse energy stability (a) versus pulse number in the model HPEL 

3. Model HRREL (High Repetition Rate Excimer Laser) 

The feature of this model is a high gas flow velocity (up to «55m/s) at small interelectrode gap (D < 20MM). With 
this purpose we have been used in a model HRREL a diametrical fan, which could rotated with the velocity up to 4500 
rev/min. The electrodes and gas flow system were located in the tube with diameter 0,4 M and length 0,8M. The electrodes 
have a profile, which provided a discharge width B=2-h3 mm for interelectrode gap 16 -^ 18 mm. 

If in the earlier variants of the module HRREL we used UV preionization by a number of spark gaps located on 
the side of the electrodes, in final variant of the model we use UV preionization by creeping discharge on a surface of the 
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sapphire plate. As it was mentioned above, in this model with D= 16+18mm the sapphire plate was located on the side of 
the solid grounded electrode. 

Fig.2 shows the average power P (curves 1,3) and pulse to pulse energy stability a(curves 2,4) versus the 
repetition rate in case of using UV preionization by a number of spark gaps( curves 1,2) and in case of using homogeneous 
along electrodes UV preionization by creeping discharge on a surface of the sapphire plate(curves 3,4) with KrF. 
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Fig.2. Average power and pulse to pulse stability in model HRRL with KrF 

From the curve 2 follows, that with the use UV preionization by spark gaps a (the curve 2) is changed from 2 % 
(for ö = 500Hz) up to 4 % (for co = 4 kHz). The use of homogeneous along electrodes UV preionization by creeping 
discharge on a surface of the sapphire plate increases both the level of output average power(curve 3) and pulse to pulse 
energy stability (curve 4). As the curve 4 shows, with UV preionization , based on creeping discharge, a is changed from 
0.4 % (for co = 500Hz) to 2% for co= 5kHz). 

The comparison of curves 2 and 4 is the evidence of importance of UV preionization homogeneity for reaching 
good (with less cr) pulse to pulse energy stability . 

Fig.3 shows the behaviour of pulse to pulse energy stability(a) versus repetition rate for various gas flow velocities 
through discharge. 
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Fig.3. Pulse to pulse energy stability (a) as function of repetition rate in model HRREL with KrF for various gas 
flow velocities in interelectrode gap. 
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Fig.3 demonstrates, that for each V there is a limiting repetition rate ca ]im and if co > © iim > standard deviation (a) 
sharply increases. The observations have shown, that if co > a^ , discharge becomes less homogeneous. It means that the 
gas flow velocity is not sufficient to provide the needed pulse repetition rate. According to Fig.3, the higher pulse repetition 
rate © is reached with magnification of V and co= 5kHz with KrF (Fig.2) is reached with the gas flow velocity of about 
55m/s. 

The average output power (curve 1) and pulse to pulse energy stability a (curve 2) for the case electrical energy 
storage in capacitor is about 1,9 J for model HRREL with XeF are shown on Fig.4. 
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Fig.4. The average power(l,3) and pulse to pulse energy stability a (2,4) versus repetition rate in model HRREL 
with XeF at storage electrical energy in capacitor - 1,9J (curves 1,2) and 0.95J (curves 3,4). 

It is necessary to notice, that the thyratron TrH-1000/25, used in the excitation scheme operates at high repetition 
rate (co>3kHz) in its extreme mode. To reduce a thyratron load we have reduced storage in condenser electrical energy by 
two, optimising conditions of generation so that the efficiency of model with XeF has remained constant («1%). The curves 
3 and 4 on Fig.4 show the average power P and a for the reduced electrical energy(~0.95J)in the condenser by two. From 
the comparison of a behaviour of curves 1 and 3 on Fig.4 it is seen, that the reduction of the storage electrical energy allows 
reaching higher repetition rate ( up to 5.5kHz). 

The operation with ArF is characterized by higher charging voltage in comparison with KrF and XeF. To reduce 
the thyratron stress in the excitation scheme, in case ArF we used two thyratrons, which were switched sequentially one 
after the other, so that repetition rate of laser radiation was twice as large as switching repetition rate for each thyratron. 

The average power and pulse to pulse energy stability(a) as function of the repetition rate for ArF are shown on 
Fig.5. 
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Fig.5.Average power and pulse to pulse energy stability (a) in model HRRL with ArF. 
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It is seen, that model HRREL have allowed to achieve pulse repetition rate up to 5.5 kHz with ArF. The level of 
pulse to pulse energy stability a =3 % at 5.5kHz can be interpreted partially by unstability of operation of the thyratrons 
related each other and can be reduced with use of the solid state pulser, like as, for example, Lambda Physik used in 
l+2kHz lasers for lithography[2]. 

4. Conclusion 

With the trend toward the achievement of higher average power and/or higher pulse repetition rate two model of 
excimer laser have be developed at TRINITI. 

Tests have shown that these models can be brought to the level of the requirements for industrial excimer laser 
capable delivering stabilized average power of 500W or operating at pulse repetition rate more then 5kHz. 
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ABSTRACT 

Two key engineering issues in the development of a KrF laser driver for Inertial Fusion Energy are high transmitting and 
long life e-beam window and optical laser windows. We have performed experiments with e-beam-pumped KrF laser 
installation GARPUN on the transport of relativistic e-beams through Al-Be and Ti foils and compared them with Monte 
Carlo numerical calculations. It was shown that both 50-um thick Al-Be foils and 20-um thick Ti foils had equal 
transmittance of about 75% for -300 keV, 50 A/cm2,100 ns e-beams. However in both cases the observed transmission was 
lower than calculated one. In contrast to Ti foil, whose surface was strongly etched by fluorine, no surface modification or 
fatal damages were observed for Al-Be foil after -1000 laser shots and protracted fluorine exposure. It was shown that 
applied magnetic field of-lkG significantly reduced electron scattering both across and along laser cell at typical pumping 
conditions with 1.5-atm pressure working gas. Without magnetic field irradiation of optical windows by scattered electrons 
resulted in additional transient and residual induced absorption of laser radiation. The analysis of different optical materials 
for KrF laser windows and coatings has also been done. 

Keywords: e-beam-pumped high-power KrF laser, Aluminum-Beryllium foil transmittance and stability, e-beam scattering. 

1.   INTRODUCTION 

Several physical and engineering issues should be addressed for high-energy large-scale (30-100 kJ) e-beam-pumped KrF 
lasers in order that they can meet the requirements for Inertial Confinement Fusion Energy power Plants1. These are 
efficient and reliable operation at 5-Hz repetition rate and up to 2*108 laser shots between major maintenance intervals. To 
establish the key technologies for the IFE KrF driver a relatively small and manageable repetition-rate prototype ELECTRA 
is presently under construction and investigation at the Naval Research Laboratory (NRL) 2. It has an active volume of 
30*30*100 cm and is pumped by two counter-propagating 110 kA, 500 kV, 100 ns e-beams that are guided by a magnetic 
field. It will operate with 5 Hz, and have a 700 J output. Two problems to be solved at ELECTRA laser have been recently 
studied at single-pulse GARPUN3"5 and EL-1 6 KrF lasers at Lebedev Physical Institute (LPI) and are reported in this paper. 

In KrF modules high-current relativistic e-beams of a large cross section are passed throughout vacuum-tight foil windows 
from vacuum diodes into a laser cell to pump a fluorine-containing working gas. This foil window, being arranged together 
with a foil-support structure (usually called as "hibachi") should have a transmittance of about 80-90%, high mechanical 
strength to withstand to a steady pressure difference and its sudden rise during e-beam energy release in a gas. Titanium 
foils or Kapton (polyimide) films typically have been used in single-pulse large KrF installations 7"n. But they have a 
limited lifetime from several tens to hundreds shots. They are not suitable for a repetition-rate machine because of low heat 
conductivity and tend to allotropic transformation at elevated temperatures. Until recently only HOVAR foil based on Fe 
alloy was chosen for tests at repetition-rate KrF laser facility n. However, Aluminum-Beryllium (Al-Be) compounds might 
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to osc. 

be the best choice for the foil window due to high strength (compared with Ti), excellent heat conductivity, and low e-beam 
stopping 13. Another key problem for the IFE KrF laser driver is the protection of output optical windows against fluorine 
etching, scattered energetic electrons and bremsstrahlung X-rays. The escapement of fast electrons onto optical windows 
could induce additional transient I4"'7 and residual absorption of laser radiation 18, and thus decreasing total efficiency and 
durability of KrF laser driver operation. 

2.   E-BEAM TRANSPORTATION THROUGH Al-Be FOIL 

Comprehensive investigation of Al-Be foil has been carried out with the e-beam-pumped large-aperture GARPUN amplifier 
(16*18*100 cm) and BERDYCH preamplifier (10*10*100 cm) modules. The Al-Be foil was manufactured by multi-stage 
hot rolling and then annealing samples of heterogeneous alloy. These foils are by weight 50% aluminum and 50% beryllium 
with an average density of 2.2 g/cm3 and total thickness 50 um. For safe handling a 2-um aluminum layer is laminated its 
both sides. Direct comparison of transparency of 50-um thickness Al-Be foil and the standard 20-um Ti foil has been done 

with BERDYCH using Faraday cup measurements (Fig. 1). 
An e-beam of-50 A/cm2 current density and -100 ns pulse 
duration was generated in a vacuum diode and injected into 
laser chamber perpendicular to the axis. An external pulsed 
magnetic field of -0.65 kG was applied to prevent e-beam 
pinching and scattering. The electron beam was produced 
by a 7-stage Marx generator with (3.0 kJ energy storage at 
400 kV), which charged a water-filled 7.6 Q Blumlein 
pulsed forming line. The output voltage was -350 kV 
voltage. The foils were supported by the hibachi structure, 
which consisted of ribs 3-mm wide and 6-mm thick that 
were separated by free gaps of 27-mm width and 100-mm 
height. The measured transparency of the hibachi was 83%. 
It was less than 90% geometric transparency presumably 
due to transverse components of electron velocity 19. Both 
Al-Be and Ti foils demonstrated equal transmittance of 
75±2%. 

The Monte Carlo method, which has been used earlier in 
calculations of e-beam pumping of GARPUN laser 20, was 

to osc. 

Fig.l. Cross section of BERDYCH module arranged for e 
beam transport measurements: 1-laser chamber; 2-vacuu 
diode; 3-cathode; 4-anode grid; 5-foil; 6-hibachi; 7-solenoid 
8- Faraday cup; 9- stops; 10- additional foil; 11- Rogowsk 
coil; 12- bushing. 

applied to analyze the experiments. The calculated foil 
transmittance decreased rapidly from 100 to 91% when 
electron energy se was varied from 400 down to 200 keV. 

A wide energy distribution of electrons in the initial e-beam in the diode might be a cause of the discrepancy, as low-energy 
electrons would be absorbed by the foil. This was confirmed in experiments: transmitted e-beam current was measured as a 
function of the total thickness of additional Ti foils set between the main foil and the Faraday cup. The observed linear 
decrease in the transmitted current with foil thickness could not be explained if the electrons were assumed to be 
monoenergetic. On the other hand, the observed distribution could be explained if the electron energies were assumed to be 
distributed uniformly in the range £^=250-350 keV, having a mean value <£-c>=300 keV. 

The durability of Al-Be foils was determined in a prolonged run of single-pulse experiments lasting up to 1000 shots. We 
didn't achieve foil's failure neither at preamplifier nor at amplifier modules. It is significantly higher than mean lifetime of 
usual Ti foils, which was at most 200 shots. After these series both foils have been examined visually with an optical 
microscope. In contrast to Ti foil, whose surface was strongly modified by fluorine etching, no noticeable changes were 
observed on Al-Be foil surface, even after a protracted fluorine exposure and laser operation. This evidenced that A1F3 

substance the most likely appeared in chemistry of laminating Al layer with fluorine-containing working gas mixture of KrF 
laser was stable enough to consequent fluorine action. 

3.   DISTRIBUTION OF SCATTERED ELECTRONS IN LASER CHAMBER 

The main GARPUN module 19'20 with dimensions of laser chamber 19x22x140 cm something bigger than an active 
volume was arranged to measure the distribution of scattered electrons in conditions typical for a large-aperture e-beam- 
pumped KrF laser amplifier. Two counter-propagating e-beams of area 12 x 100 cm and with current density 50 A/cm2 were 
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coupled into the chamber from opposite sides throughout vacuum-tight 20-um Ti or 50-um Al-Be foils. The foils were 
supported by the hibachi structure having the ribs of 2-mm width, 10-mm thickness and 8-mm inter-rib gaps. The e-beams 
were guided by a pulsed magnetic field of inductance B~ 1 kG. The experiments have been also performed without 
magnetic field in order to understand its influence on e-beam scattering. The pulses of 350 kV accelerating voltage and 120 
ns duration were delivered to a pair of cathodes in each vacuum diode by four water-filled Blumlein forming lines pulse- 
charged by Marx generator with 14 kJ storage energy. The energy fluence of the scattered electrons, as measured by 
calorimeters at two different distances along laser cell axis (Fig.2) revealed a great discrepancy with the numerical modeling 

S o 

u o 
§ 

q3 

120.00 -i 

80.00 - 

40.00 - 

Without magnetic field 

0.00 1 , ! r 

0.00 0.40 0.80 1.20 1.60 
Pressure, atm 

♦ - l 
- O -  2 

< 
60.00 -* 

A -   3 

1 
*-> 
B 
u u 
Ö 40.00 -* Without magnetic field 

3 

& 
20.00 - 

A 
A 

\^ 

0.00 -1 ^"* $     A 
1         1 1         1         '         1         '         1 

0.00 0.50 1.00           1.50          2.0 
Pressure, atm 

(2) that assumes the electrons are scattered only by the foils or the gas. Multiple passages of electrons from one vacuum 
diode into the laser chamber, then into another vacuum diode, and then once again in opposite direction were considered. 
Such regime would take place if electrons range in a gas will exceed the dimensions of laser chamber. It might be not only 
at low gas pressures, but if one makes electron energy too high in order to uniform a specific pumping power across laser 
chamber. In this multi-passage case a mean scattering angle would increase and additional significant heat loading of the 
foils would appear due to absorption of decelerated electrons. When additional e-beam scattering without magnetic field 
guiding was also taken into account by introducing an initial angular distribution of Aa=45° to the electrons (3) good 
qualitative agreement with experimental results (1) was obtained in Fig.2. The same Monte Carlo code has been applied to 
simulate analogous distributions for the NRL ELECTRA repetition-rate laser. It was shown that the amount of scattered 
electrons fell down rapidly with increasing magnetic field. The laser gas pressure was varied over the optimal pumping 
range 1.2-1.8 atm and was found to affect not significantly the electron scattering. 

4.   OPTICAL MATERIALS FOR KrF LASER WINDOWS 

Several materials transparent for UV laser radiation at A,=248 nm wavelength such as fused silica (Si02), calcium fluoride 
(CaF2), magnesium fluoride (MgF2), and synthetic leucosapphire (A1203) have been tested for either optical windows or AR 
coatings (see table 1). 

Table 1. Parameters of optical materials for KrF lasers 
a- absorption coefficient; 
ßt - two-photon absorption 
coefficient for ps laser pulses; 
ß2 - nonlinear absorption 
coefficient for -100 ns pulses; 
* - was measured at 266 nm 
wavelength; 
y- e-beam induced absorption 
coefficient. 

Optical 
material 

Price, 
$/kg 

Micro- 
hardness, 

GPa 

Eg, 
eV 

a, 
cm 

ßu 
cm/GW 

ß2, 
cm/GW cm2/GW 

CaF2 400 1.68 10 0.02 O.008 [21] <0.1 [24] 136±27 [16] 

MgF2 600 4.5 11 .007 O.OOl [21] 0.05±0.02 [24] 150±20 [161 

Si02 

(KU-1) 
200 7.4 7.6 0.01 0.045 [21] 

0.08 [22] 
0.5±0.1 [24] 4.6+1.2 [16] 

A1203 600 20.0 9.4 0.01 0.27' [23] 2±1 f251 0.25±0.07 
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Our experiments (see also 6' 14~17'2I"25) confirmed that the most common synthetic fused silica might be the best material, 
provided one can establish an AR coating that will prevent substrate etching by fluorine. Being relatively low cost and 
available in large-size samples (>l-m dia.), it demonstrated low absorption of UV light induced under simultaneous X-ray 
and e-beam irradiation. Although A1203 and MgF2 are stable to fluorine, they are unlikely to be suitable for windows, 
because of their high cost, the difficulty of manufacturing and polishing of large-size samples, and birefringence. But they 
both are very attractive as coating materials 17. Besides Si02, only CaF2 is a promising material for the windows. It is 
absolutely resistant to fluorine, relatively cheap and might be manufactured of a large size. Transient and residual 
absorption in CaF2 samples induced by fast electrons being measured in comparison with distribution of scattered e-beams 
revealed a linear dependence between induced optical thickness and specific power density of e-beam irradiation. It was 
shown that induced absorption of laser radiation in CaF2 optical windows might be fully eliminated in e-beam pumping 
scheme with magnetic field guiding. Optimization of any e-beam-pumped KrF module will be a compromise between 
absorption of laser radiation in unpumped region by molecular fluorine and e-beam-induced absorption in optical windows. 

5.   CONCUSIONS 

The experiments have been performed with single-pulse large-aperture e-beam-pumped GARPUN KrF laser installation to 
investigate Aluminum-Beryllium foil transmittance and stability to multiple high-current e-beam irradiations, as well as to 
protracted fluorine action. E-beam scattering in the laser chamber in typical pumping conditions with and without a guiding 
magnetic field was also investigated being a cause of additional losses of laser radiation in optical windows. Both problems 
are related to the development of the repetition-rate prototype of KrF laser driver for the Inertial Fusion Energy scheme. 
Such prototype, being constructed at the Naval Research Laboratory aimed at the research and development of key 
technologies, which would allow e-beam-pumped KrF laser to operate with output energy of tens kJ at 5-Hz repetition rate. 
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Long-pulse Efficient XeCl Laser with Pre-pulse Formed by an Inductive 
Energy Storage 

Aleksei N.Panchenko1, Victor F.Tarasenko, and Evgenii H.Baksht 

High Current Electronics Institute, Akademicheskii ave., 4, Tomsk, Russia, 634055 

ABSTRACT 

An efficient electric-discharge XeCl laser is developed, which is pumped by a self-sustained discharge with a pre-pulse 
formed by a generator with an inductive energy storage and a semiconductor opening switch on a basis of SOS diodes. An 
output energy up to 800 mJ, total pulse length up to 450 ns, and a total laser efficiency of 2.2% were attained using a spark 
UV preionization. 

Key words: inductive energy storage, XeCl laser, long-pulse, high-efficiency 

1. INTRODUCTION 

The development of efficient long-pulse discharge lasers on rare gas halide molecules is associated with solution of the 
following two problems. First one consists in formation and sustaining of an uniform volume discharge in a halogen 
containing gas mixtures. Second one is improvement of the efficiency of the energy transfer from a pumping generator to 
mis volume discharge plasma. 
First discharge XeCl-laser with pulse duration of -200 ns was developed using a pulse forming line and X-ray 
preionization. Laser energy up to 2 J was obtained1. In 1984 we had demonstrated the possibility to extend pulse duration of 
discharge XeCl-laser up to 1 {is2. Non-steady-state excitation mode which involves specific build-up and decay rates of the 
discharge current had been suggested to improve discharge stability3. This pumping mode allowed us to obtaine 400 ns 
XeF-laser pulses and duration of spontaneous emission of KrCl* molecules up to 500 ns. 
Double discharge pumping circuit4 providing complete energy transfer to the discharge plasma is necessary for development 
of efficient discharge excimer laser. In this circuit a high-voltage generator with low stored energy ignites volume discharge 
while a low-voltage storage deposits main part of pumping energy in the impedance matched mode. This pumping 
technique with the use of a pulse forming line allowed to extend pulse duration of XeCl discharge laser up to 1,5 us5. 
Radiation energy of 100 mJ and the laser efficiency of 0,44% were obtained. Besides a pulse length of ~ 800 ns was 
obtained for an energy of 500 mJ and an efficiency of- 2% (relative to the energy stored in the PFL). In addition, when the 
PFL was replaced by two 0.25-u.F capacitors, the laser pulse length was - 500 ns for an energy of 600 mJ and an efficiency 
of 1.3%. 
The aim of this work is to develop an efficient long-pulse XeCl laser with a spark preionization featuring high reliability and 
a long life expectancy. The laser is pumped using a double discharge with a pre-pulse formed by a generator with an 
inductive energy storage and semiconductor opening switch made on the base of industrial SOS-diodes. Notice that earlier6" 
1, we used this method of forming a pre-pulse to pump a C02 laser, wherein the resistance of a discharge plasma was 
significantly higher than in a XeCl laser. 

2. EXPERIMENTAL 
The design of a long-pulse XeCl laser is shown in Fig. 1. The laser electrodes were located in a cylindrical chamber sepa- 
rated from the pump generator by a plastic insulator. The laser active volume was V = 2.5 x 4 x 80 cm3 = 800 cm3 for an 
inter-electrode gap d = 4 cm. The pre-ionization was accomplished by the radiation of 72 spark gaps evenly distributed on 
either side of the cathode. The pump generator consisted of a storage and a peaking capacitances assembled of the KVI type 
ceramic capacitors. Their capacitances were varied in the ranges 200-320 nF and 2.4 -3,5 nF, respectively. The storage 
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Fig-1 
Schematic diagram of XeCl - laser with prepulse formed 
by an inductive energy storage with SOS-diodes. C0 = 200- 
240 nF- storage capacitors, d = 14 nF - the capacitof for 
pumping SOS-diodes in the forward direction, Qt = 1,5 nF 
- switching capacitor, R,-R2 - voltage divider, R& - shunt. 
Pj - P2 - spark gaps. 

U,kV P, arb.un. 

I, kA 

Fig-2 
Waveforms of the voltage across the laser gap (1), 
discharge current (2) and laser radiation (3, 4). Gas 
mixture of the Ne : Xe : HC1 = 3 Arm : 12 : 1,5 Ton- 
composition is used Co = 240 nF, Lo = 100 nHn. U0 = 
16 kV, Ui = 15 kV. Transmittance of the output mirror 
is 80% (3), 30% (4). 

capacitor was charged to a voltage U0 « 2USS =15-18 kV, 
where U^ is the voltage during the quasi-stationary phase of the 
discharge. Ten special-purpose semiconductor opening (SOS) 
diodes placed in parallel with the peaking capacitors were used 
as a semiconductor current interrupter. Maximal opening 
current of this SOS diode is as high as 2 kA, the response time 
is 10-20 ns, and the pulse repetition rate amounts to 1 kHz with 
oil cooling. To run the diodes as current interrupters, a current 
of 100 - 500 A was passed through each diode in the forward 
direction for 500 ns from a driving capacitor Ci = 14 - 45 nF 
charged to the voltage Ui=10-30 kV and triggered by the spark 
gap P2. The inductance of the Ci capacitor circuit was 1.8 fiHn. 
The minimum energy required to control the diodes did not 
exceed 5% of the energy stored in the C0 storage capacitor. 
After triggering the Pi spark gap, the reverse current from the 
Co storage capacitor began to flow through the diodes. The 
current attained the critical value8 ~ 100 ns later and the diodes 
began to open and interrupted this current. At the instant of 
current interruption by the SOS diodes, across the laser gap 
there appeared a high voltage pre-pulse with an amplitude U = 
Ldl/dt ~ 50 kV (where L = 0.11 uH is the inductance of the 
discharge circuit of the C0 storage capacitor) which formed the 
volume discharge. Therewith inductance of the discharge 
circuit of the storage capacitor serves as the inductive energy 
storage element. The storage capacitor next discharged into the 
gas-discharge load in a nearly matched mode. Note that the 
SOS diodes can be placed both in parallel and in series to 
obtain the required break current and the pre-pulse amplitude. 
In this case, the triggering of the diodes is synchronized 
automatically. 
The laser resonator was formed by a totally reflecting (100%) 
mirror and mirrors with dielectric coatings with the reflectivity 
from 20 to 80% at X = 308 nm. 
We measured the amplitude-time characteristics of voltage, 
current, and laser radiation pulses. An IMO-2N calorimeter was 
employed to measure the radiation energy. The shape of the 
radiation pulses was determined with a coaxial FEK-22SPU 
photocell. The pulses of the discharge current, the current 
through the SOS diodes, and the voltage across the laser 
discharge gap were recorded using a Rogowski loop, an ohmic 
shunt, and a voltage divider. S8-14 or TDS-220 oscilloscopes 
were employed to measure the parameters of the electric pulses. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Mixtures with the neon buffer gas at pressures 1 - 3.5 bar were 
used in experiments. A maximum output energy was attained 
for the ratio Xe : HC1 = 10 : 1 and a partial pressure of 
hydrogen chloride of 1.5 Torr. The increase in the content of 
HC1 resulted in a quick discharge contraction and reduced the 
radiation pulse duration. 
Fig.2 shows the oscilloscope traces of the pulses of the voltage 
across the discharge gap, discharge current of the storage 
capacitor Co through the laser gap, and the output laser power. 
The inductive storage provided a fest build-up of the voltage 
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across the laser gap, with the pulse rise time -50-80 ns. The rate of rise of the voltage pulses and their amplitude were 
proportional to the forward current through the opening diodes determined by the charging voltage Ui and the d 
capacitance. In particular, as Ui increased from 10 to 30 kV, the breakdown voltage increased from 30 to 36 kV, while the 
rise time decreased from 80 to 50 ns. Similar result was obtained with higher Ci. The increase in Ui caused the increase in 
the diode opening current. As this takes place, a progressively larger fraction of the energy accumulated in the C0 storage 
capacitor is spent to the formation of the high-voltage pre-pulse. On the one hand, this improves the conditions for the 
discharge formation and augments its stability, but on the other hand, the energy deposition from C0 is reduced resulting in 
decrease of the laser output. A maximum energy and length of the laser pulse were obtained for Ui = 15 kV. The length of 
the laser pulse at half maximum (FWHM) was 210 ns, and its total length was ~ 450 ns. Radiation pulse began 30-50 ns 
later the discharge gap breakdown and continued throughout the excitation pulse. This means that the discharge formed by 
the inductive energy storage is quite homogeneous. 
The laser energy versus output mirror reflection is shown in Fig.3. When the resonator Q-factor was increased, the output 

pulse  started   earlier   and  its  total   duration 
Q/Qmax increased. However, the laser energy began to 
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Fig.3 
The laser energy as a function of the output mirror reflectivity 
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Output energy and total laser efficiency versus charging voltage of the 
storage capacitor U0. C0 = 240 nF, L = 100 nHn. Gas mixture of the Ne: 
Xe : HC1 = 3 Ann : 12 :1,5 Torr composition is used. Q = 14 nF, Ui = 
15 kV. Transmittance of the output mirror is 80%. 

fall as the mirror reflection coefficient R became 
higher than 30%. 

In our experiments, the charging voltage of the 
storage capacitor was varied from 15 to 18 kV. 
This is somewhat higher than the 21^ for the gas 
mixture in use. However, under optimal 
operating conditions, approximately 10% of the 
energy accumulated in the Co storage capacitor is 
spent to form the pre-pulse and laser discharge. 
For this reason the voltage across Co lowers by 
the time of breakdown of the laser gap, and the 
storage capacitor discharges in the regime close 
to the matched one. It is significant that the 
current of the storage capacitor flows, during the 
second half-period, through the SOS diodes 
rather than through the discharge gap. This 
precludes the formation of channels after change 
of polarity of the discharge current and reduces 
the erosion of the electrodes. 
Output energy of 600 mJ and total laser 
efficiency of 2% were obtained with C0 = 200 
nF. Notice that in our experiments input electric 
power was about 100 kW/cm3. So, an increase 
of the storage capacitor C0 can result in better 
laser parameters. Increase of C0 from 200 nF to 
240 nF improved the laser energy and total 
efficiency. Output energy and the laser total 
efficiency versus the charging voltage of the 
storage capacitor Co=240 nF are shown in Fig. 4. 
As the charging voltage increased, the output 
energy also increased to become as high as 800 
mJ. The laser efficiency attained a maximum of 
2.2% for Uo = 16 kV. Then the efficiency began 
to fall because of higher impedance 
mismatching. 

Further increase of C0 to 340 nF did not give 
better laser efficiency. In that case pumping 
pulse duration became as long as 500 ns while 
total optical pulse duration was not longer 400 
ns due to discharge constriction. 
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As was demonstrated earlier6 inductive generator allows to short rise-time of the discharge current pulse and increase 
excitation power. This effect is achieved at high value of the diode opening current which is determined by the driving 

capacitor Ci and its charging voltage 
Ui. Experiments were made with Ci = 
45 nF charged to 30 kV and the results 
obtained are shown in Fig.5. Leading 
peak of the current in the laser gap 
with very short rise-time is determined 
by joint discharge of the peaking 
capacitors Cp and the circuit inductor 
L. Notice that after current interruption 
the opening current had to pass 
through the laser gap. In the first 
instant the circuit inductor L switches 
the opening current on the laser gap. 
That current can be higher than the 
discharge current of the storage 
capacitor. Besides peaking capacitor 
charged to high voltage gives short 
intensive current pulse. Significant 
sharpening of the pumping power was 

achieved during this current peak. In this case laser pulse had noticeable peak, as well and the laser oscillation starts within 
20 ns after the one-set of the pumping pulse and lasts -400 ns. Taking into account the peak the laser pulse duration 
(FWHM) is extended to 260 ns at U0 = 16 kV and to 300 ns at U0 = 12 kV. 

Fig.5 
Oscilloscope traces of current through the laser gap (top) and laser pulses (bottom), 
U0=16 kV (left) and U0=12 kV (right). Q=45 nF, U,=30 kV, C0=320 nF, Cp=3,45 nF. 
Output mirror reflectivity is 50%. Gas mixture of the Ne : Xe : HC1 = 3 Atm : 12 : 1,5 
Torr composition is used. 

4. CONCLUSION 

We have developed an efficient electric-discharge XeCl laser pumped by a double discharge, wherein the pre-pulse is 
formed by a generator with an inductive energy storage device and a semiconductor opening switch made on a basis of 
industrial SOS diodes. An output energy up to 800 mJ, a total pulse length up to 450 ns, pulse length (FWHM) of 210 ns, 
and a total laser efficiency of 2.2% were obtained. The laser pulse duration (FWHM) can be extended to 300 ns due to 
sharpening of input power by the inductive energy storage. These parameters were obtained using a reliable UV 
preionization from sparks. The elaborated inductive generator can also be applied to pump large-aperture and repetitively 
pulsed exciplex lasers. 
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ABSTRACT 

High contrast nanosecond pulse trains are produced by an oscillator-amplifier XeCl laser system incorporating polarizing 
optics. The device is simple and flexible allowing to deliver nanosecond pulse trains up to 17 mJ and with adjustable 
characteristics mainly concerning the number of pulses (2 to 6 pulses) and the individual pulse peak power (0.2-2.3 MW). 

Keywords: excimer laser, nanosecond, pulse train, polarization, oscillator-regenerative amplifi« 

1. INTRODUCTION 

Energetic nanosecond UV sources could be advantageously used in laser material processing1, biomedicine and to create 
laser-produced plasmas emitting soft X-rays2. Unfortunately, the generation of energetic excimer nanosecond pulses (< 4 
ns) is not an easy task due to the energy non-storage properties of the excimer laser media. Since many applications, as for 
instance in laser material processing and biomedicine, need moderate power but short pulse duration, the demand for a 
simple and flexible laser system delivering pulses of short duration and moderate energy still remains. This paper reports the 
results obtained with an oscillator-amplifier XeCl laser system able to deliver a pulse train of moderate total energy and of 
adjustable characteristics concerning the number of pulses, the inter-pulse delay and the individual pulse peak power. The 
system is based on a regenerative amplifier technique with off-axis amplification. Insertion of the seed pulse in the 
amplification loop and extraction of the laser pulse train are realized by controlling the polarization state of the seed pulse 
by means of a Brewster polarizing beam sputter (BPBS) and a half-wave plate (HWP). 

The paper is organized as follows. The first section describes the developed oscillator-regenerative amplifier laser 
system. Afterwards, experimental results obtained through variable optical working conditions are discussed. 

2. DESCRIPTION OF THE OSCILLATOR-AMPLIFIER LASER SYSTEM 

The oscillator-regenerative amplifier excimer laser system is schemed on figure 1. The short duration pulse emitted 
by the laser oscillator (laser SOPRA-EXULT 23, see its characteristics in table 1) is initially not polarized. BPBS rejects the 
s component (perpendicular to the incidence plane) while the p component (parallel to the incidence plane) is transmitted. 
After two pass off-axis amplification in LUX test-bed3 (see table 1 for a brief presentation of its performances), HWP 
rotates the pulse polarization of 90° to allow the s polarized pulse to enter again the two pass amplification loop along the 
same path after reflection on M3 and BPBS (R*,B?BS * 99 %). After bypassing HWP a second time, the four pass amplified 
laser pulse is p polarized and is then transmitted by BPBS. However, as Rp *■ 0, about 15 % of the energy of an incident p 
polarized pulse is reflected by BPBS while the remaining part of the energy (» 80 %) is transmitted. As a consequence, a 
significant amount of the four pass amplified laser energy is re-injected in the amplifier and will be amplified into two 
successive loops before to be extracted. As this self-injected amplification process is effective as long as the gain duration, a 
pulse train can be obtained in this way. Moreover, modification of the HWP neutral axes orientation allows to balance in 
different proportions, according to a cos20x/2 Malus law, the reflected and transmitted energy by BPBS yielding to different 
amounts of the extracted energy and of the re-injected energy in the amplification loop. As a consequence, different pulse 
train characteristics (number of pulses, pulse energy, inter-pulse delay) can be obtained. So, two experiments have been 
carried out corresponding respectively to an incident plane-polarized radiation at an azimuth of Qxa = 45° (Cases A) and 8x/2 
= 28° (Case B) to the direction of the HWP neutral axes angles. 

1 Correspondence : E-mail: olivier.uteza@lp3.umv-mrs.fr, Tel: 33 4 91 82 92 82; Fax: 33 4 91 82 92 89. 
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Detector 
Exit E 

Oscillator 
(SOPRA - EXULT 2) 

Figure 1. Scheme of the oscillator-regenerative amplifier laser system (not to scale). The off-axis angle is equal to ~ 1.8°. BPBS : 
Brewster polarizing beam splitter (iB = 56°). HWP : multiple order half-wave plate. Mi, M2 and M3: Rmax at 45° incidence. M3 is oriented 
for an incidence angle of ~ 30° (RM3,3O° 

= 94 %). d0 « 1.8 m, dt = d2 « 1 m, d3 « 1.1 m, d4 ~ 0.1 m, d5 « 0.1 m, d6 ~ 0.5 m and L « 0.56 m. 

Laser system EL "CFWHM PL Exit dimensions 
cm (X) x cm (Y) 

Divergence 
mrad (X) x mrad (Y) 

PRF 

SOPRA-EXULT 2 0.6 mJ 3.1ns 0.2 MW 0.25x0.6 0.6 x 1.3 (near-field) <2Hz 
LUX (oscillator mode) 200 mJ 140 ns 1.4 MW 1.3x2.8 2x3 (far-field) < 1000 Hz 

Table 1. Main characteristics of the laser systems : SOPRA - EXULT 2 and LUX. In oscillator mode, the two AR coated windows 
closing the LUX cavity are removed and replaced by a high reflectivity rear reflector and a 60 % reflecting output coupler. The beam 
divergences have been measured with a CCD camera (Pulnix TM 745 E) connected to a beam analyzer (Spiricon LBA 100 A). 

In Cases A (9W2 = 45°), the incident radiation on HWP is plane-polarized at an azimuth of 45° to HWP neutral axes. So, 
HWP rotates by 90° (p <-» s) the incident radiation during the successive amplification loops. In this configuration, the 
measured performances of BPBS are the following : R* = 98.5 %, Ts = 1.5 %, Rp = 15.5 %, Tp = 80.5 %. Thus pulse trains 
with an inter-pulse delay equal to the time corresponding to the length of two amplification loops are obtained. In Case B 
(Bx/2 = 28°), the incident radiation on HWP is plane-polarized at an azimuth of 9^ to HWP neutral axes resulting in a 
transmitted radiation plane-polarized along a direction making an angle of 29^ with respect to the initial p-direction. So, 
the radiation incident on BPBS is reflected and transmitted in proportions related to the Malus law. In fact, the angle 9^ has 
been chosen to extract a pulse train with an inter-pulse delay equal to the time corresponding to the length of one 
amplification loop. The selected angle is equal to 9^ « 28° and the following performances of BPBS have been measured 
for a beam describing the first amplification loop : reflected energy « 75 %; transmitted energy »25 %. 

Finally, the length of the amplification loop fixes the delay between two successive extracted pulses. This 
parameter must be adjusted carefully by considering the gain recovery duration in the amplifier between two successive 
passes of an amplifying pulse (xrec gam « 2 ns4), the seed pulse total duration (xseed « 8 ns), the amplifier gain duration (T^ » 
140 ns) and the desired specifications of the pulse train. In the case described here, the length of the amplification loop is 
equal to ~ 5.4 m (see figure 1) representing an acceptable compromise between the previous requirements. In fact, this 
means that some photons of the amplifying beam travel permanently in the active medium preventing a complete gain 
recovery in the amplifier between two passes. However, the length of the amplification loop has to be kept small to 
minimize the losses related to the divergence of the seed pulse (see table 1) and to maximize the number of extracted pulses. 

3. RESULTS AND DISCUSSION 

The initial incident energy of the seed pulse (after BPBS) is equal to ~ 240 pj and TFWHM,OSC = 3.1 ns. Figures 2, 3 and 4 
show the temporal evolution of the instantaneous laser power detected by a photodiode placed in E (see figure 1) in cases 
Al, A2 and B. The temporal evolution of the amplifier small signal gain is also reported on these figures to better analyze 
the experimental results. Cases Al and A2 correspond to two different delays xsyn between the beginning of the gain in the 
amplifier and the first detected pulse of the train. The energetic characteristics of each pulse of the trains are mentioned in 
the corresponding tables 2, 3 and 4. The pulse energy is obtained by integrating the amplitude of the signal related to each 
individual pulse detected by the photodiode. The pulse train total energy is averaged on ten shots (1 Hz). These values take 
into account the subtraction of the part of the energy initially reflected by BPBS (~ 300 yJ). 
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Figure 2. Temporal evolution of the laser instantaneous power 
(solid line) and of the amplifier small signal gain (dot line) in 
Case Al (QM = 45°, v, * 95 ns, 6 pulses, Etotal« 16 ± 0.5mJ). 

Case Al Pi P2 P3 P4 PI P5 

Energy (mJ) 0.8 3.6 4.9 2.1 0.55 3.95 

%WHM (ns) 3.5 3.6 3.7 3.85 3.15 3.6 
Pi«(MW) 0.23 1 1.32 0.55 0.17 1.1 

Table 2. Energetic characteristics of each pulse composing the 
extracted pulse train in Case Al. These results correspond to the 
pulse train shown on figure 2. 

o 
p. 

CO 

^syn 

<- -> 

——T- 

Pi -. 
1 If' 

► 

^  •'Hn 

^  

A, A ^ 

— 4 ■_''   \ 

V"- v/y \/                 V 

'  a 
4S 

cxo 
73 

2 a 

3 
00 

0       50      100     150     200250300350400450 

Time (ns) 
Figure 3. Temporal evolution of the laser instantaneous power 
(solid line) and of the amplifier small signal gain (dot line) in 
Case A2 (9W2 = 45°, T^ « 195 ns, 2 pulses, Etow« 17 + 0.5 mJ). 
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Figure 4. Temporal evolution of the laser instantaneous power 
(solid line) and of the amplifier small signal gain (dot line) in 
Case B (Qm = 28°, x^ » 195 ns, 3 pulses, E^ai« 9 ± 0.5mJ). 

CaseA2 Pi P2 

Energy (mJ) 9.1 7.9 
^FWHM(ns) 3.9 3.9 
Plaser (MW) 2.33 2.02 

Table 3. Energetic characteristics of each pulse composing the 
extracted pulse train in Case A2. These results correspond to the 
pulse train shown on figure 3. 

CaseB Pi P2 P3 

Energy (mJ) 3.2 3.4 2.3 

TFWHM (ns) 3.5 3.5 3.5 
Plaser(MW) 0.91 0.97 0.66 

Table 4. Energetic characteristics of each pulse composing the 
extracted pulse train in Case B. These results correspond to the 
pulse train shown on figure 4. 
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Before to comment the peculiarity of each case, some general remarks can be expressed : 
a-   the peak power of each pulse is in the MW range (0.2-2.3 MW) which is comparable to the instantaneous power of the 

LUX test-bed working as a laser oscillator (PLUX,OSC« 1.4 MW, see table 1). 
b-   the slight increase of the amplified pulse FWHM duration (see tables 2, 3 and 4) with respect to TpwHM.seed (3.1 ns) is 

related to a significant amplification of the leading and trailing edges of the oscillator beam. 
c-   the contrast between the laser pulse train and the photon noise is high. No significant amplified laser signal has been 

detected and the maximum amplitude of the residual noise signal measured by the photodiode is limited to ± 0.5 a.u. 
(see figures 2-4). In fact, the low amplitude of the small signal gain, the off-axis design of the amplification laser 
system (a-off.^.; « 1.8°) and the use of polarizing optical elements prevent any ASE significant development. 

As previously mentioned, it is possible to vary the characteristics of the extracted pulse trains according to the 
adjusting parameter 0*/2. Synchronization between the two laser systems is also of major importance because this timing 
parameter xsyn determines the amplification magnitude of the re-injected beam after two-pass amplification in the active 
medium. In figure 2 (Case Al), the obtained pulse train (Etotai ~ 16 mJ ± 0.5 mJ) is composed of five principal pulses (P] - 
P5) separated of the duration of two amplification loops (~ 35 ns) and with an envelop roughly corresponding to the duration 
of the small signal gain. An intermediate sixth pulse of very low energy (PI, EPI = 0.5 mJ) appears between two principal 
pulses (P4 and P5). This pulse PI is related to the amplification of the s polarized residual part of the initial pulse transmitted 
by BPBS and resulting from a coefficient 1\BpBs * 0 and from beam depolarizing effects mainly induced by its passage 
through BPBS. In fact, the amplification of this residual pulse becomes significant only when the gain is maximum. Energy 
of pulses Pi and P4 (0.8 mJ and 2.1 mJ respectively) are significantly lower than the others (Ep2 = 3.6 mJ, EP3 = 4.9 mJ and 
Ep5 = 3.95 mJ) because Pi experienced the beginning of the gain and P4 had to share the gain with the intermediate pulse PI. 
Now, it is interesting to modify the delay between the oscillator and the amplifier in order to maximize the power of each 
individual pulse of the extracted train. The result, seen on figure 3 (Case A2), shows the extraction of two main pulses (EPi 
= 9.1 mJ, XFWHM.PI 

= 3.9 ns; EP2 = 7.9 mJ, TFWHM,P2 = 3.9 ns) separated of 35 ns. In particular, it can be noticed that the peak 
power of each principal pulse is superior to 2 MW therefore exceeding the instantaneous power of the single LUX test-bed 
(PLUX,OSC~ 1-4 MW). In fact, as ASE does not develop in the amplification loop, delaying the trigger of the oscillator with 
respect to the amplifier allows the oscillator beam to enter the amplifier active medium when the gain is maximum and, as a 
consequence, to be strongly amplified. However, the lesser use of the duration of the gain results in a reduced number of 
extracted pulses. Finally, after recombination of this two pulses, as for instance with a delay line including a fast 
polarization switching optical element as a Pockels cell, one can expect a single pulse of- 4.2 MW laser power representing 
an increase by a factor three of the laser peak power obtained with the laser LUX (PLux «1.4 MW). 

In Case B (ßxn « 28°, figure 4), HWP neutral axes have been oriented to extract a pulse train with an inter-pulse 
delay equal to the time corresponding to the length of one amplification loop (« 17.5 ns). Afterwards, the synchronization 
between the two laser system has been adjusted to extract ~ MW pulses of roughly equal energy. The result of the 
combining effects of these two adjusting parameters is illustrated by figure 4 and table 4 showing that the obtained pulse 
train (Etotai ~ 9 mJ) is composed of three main pulses of comparable energy and FWHM duration (3.5 ns) and separated of 
17.5 ns. Moreover, the length of the amplification loop can be easily modified to vary in a larger range the inter-pulse delay 
to match very diversified application requirements. 
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ABSTRACT 

The floating particles produced by the excitation discharge for TEA gas laser have been visualized by the pulsed-laser 
reflection method. The double-pulse discharge experiments have also been carried out to study the effects of the floating 
particles on the discharge instabilities. Two kinds of gas mixture are used to simulate KrF excimer laser; F2/Kr/He/Ne 
(gas A) and Kr/He/Ne (gas B). The particles with diameter of the order of 100 urn are observed in the discharge region. 
In both gas mixture, the number density of the particles increases to ~ 3 particle/cm3 at 200 ms after the discharge, and then 
decreases to ~ 1 particle/cm3 at 500 ms. On the other hand, the double-pulse discharge characteristics are very different 
between gases A and B. In the gas A, the second discharge tends to be an arc when the pulse interval decreases to 300 ms. 
However, the arc does not occur in the gas B. It is deduced that the floating particles of the order of 100 um in diameter 
do not strongly affect the discharge instabilities. 

Keywords: Glow discharge, Arc, Excimer laser, Floating particle 

1. INTRODUCTION 
The high-pressure, pulsed glow discharge has been studied for further understanding of the excitation discharge on TEA 

gas lasers. The excitation discharge causes various instabilities in subsequent discharge which collapse at the highly- 
repetitive operation. It has been suggested that the instabilities are induced by a gas density depletion,1.2 shock wave,3'4 

residual ion,5 electrode heating,6 and floating particle generated in the discharge region. However, the influences of the 
respective factors on collapse of the highly-repetitive operation have not been clarified. 

The purpose of this paper is to visualize the floating particles in the discharge region and to investigate the dependence 
of discharge characteristics on the number density of particle. The floating particles originate from the electrodes which 
are sputtered by the ions of discharge. The floating particles are visualized by the laser reflection method using a pulsed 
YAG laser and CCD camera. The double pulse discharge experiments are also carried out to study the influences of the 
floating particles on the discharge characteristics of the second pulse, where the gas density depletion, shock wave, residual 
ion, electrode heating, and floating particle are remained in the discharge region. The discharge properties in the gas 
mixture of F2/Kr/He/Ne have been compared with those in the gas mixture of Kr/He/Ne to investigate which of the floating 
particle or the gas composition is influential for the discharge instabilities. 

2. EXPERIMENTAL SETUP 
Figure 1 shows the schematic of experimental setup. The main electrodes consist of half-cylindrical-type anode and 

cathode where the width, length, gap distance and radius of curvature are 40 mm, 400 mm, 20 mm and 100 mm, 
respectively. The v axis indicates the discharge direction, and the origin of the x-y plane corresponds to the center of the 
discharge region. The automatic UV preionization electrodes consist of 40-pin spark gaps which are set at the both sides 
of the cathode. The excitation circuit is a charge-transfer type circuit (C\ /Cp = 16/14 nF) where the storage capacitor is 
charged up to 30 kV. The preionization electrodes are directly connected to Cp. Two kinds of gas mixture are used in 
the present experiment in order to simulate KrF excimer laser. The gas composition and pressure are summarized in 
Table I. The gas A includes fluorine, it tends to create the negative ion having long lifetime which induces an arc instead 
of a stable glow discharge. 

Figure 2 shows the schematic diagram of visualization system of the floating particles. After a certain time from a 
pulse excitation discharge, a pulsed YAG laser beam as sheet probe beam irradiates into the middle of the discharge region. 
Then, the reflected light from the floating particles is recorded by a CCD camera.     To reduce the background light in 
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Fig. 1 Schematic of experimental setup, 
(a) Cross-sectional view of 
discharge electrode, (b) electrical 
excitation circuit 

Fig. 2    Schematic   diagram   of  visualization 
system of floating particles. 

photographs, the exposure time of CCD camera decreases to 20 us. The size of the sheet beam is 12.5 mm in height and 
1.5 mm in width. The wavelength and pulse duration of YAG laser beam are 532 run and 8 ns, respectively. The 
spatial resolution of this system has been experimentally found to be ~ 100 um on the object plane. 

3. RESULTS AND DISCUSSION 
Figure 3 shows the photograph of reflected light by floating particles in the gases A and B, where t indicates the time 

after the discharge. The white spots denote the reflected light from the particles. The probe beam does not always 
irradiate the floating particles because the number of particles is estimated to be few. Therefore, the photograph of 
reflected light is taken at multi-exposure of 100 times. To confirm the reliability of the laser reflection method, the 
comparison has been made on the distribution of particle diameter estimated by the laser reflection method with that 
measured by the microscopy. After the discharge, the particles covered on the electrodes are collected by the clean cloth, 
and then taken through the microscope. The number of particle as a function of diameter of particle estimated by the 
photograph of the laser reflection method and the microscopy are shown in Fig. 4. We found that the distribution of 
particle diameter estimated by the laser reflection method agrees approximately with that by the microscopy. 

Figure 5 shows the energy spectra of EDX (Energy Dispersive X-ray spectroscopy) analysis of the floating particles 
generated by a single-pulse discharge in the gas A. We found that the particles mainly consist of Fe, Cr, and Ni. It 
becomes clear that the floating particles originate from the stainless steel electrodes. 

Figure 6 shows the time evolution of discharge voltage (V), current (I), and power (P = VI). The single-pulse 
discharge occurs in the gases A and B. We found very little difference between the discharge properties in the gases A 
and B. It is also found from the visual observation of discharge that the single-pulse discharges in the gases A and B are 
a stable glow discharge. 

Figure 7 shows the time dependence of number density of the floating particles generated by a single-pulse discharge in 
the gases A and B. The floating particles with diameter of the order of 100 urn are observed in the discharge region filled 
with the gases A and B. In both mixture gases, the particles appear just after the discharge and the number density of the 
particles increase up to ~ 200 ms. The number density of the particles increases to ~ 3 particle/cm3 at 200 ms after the 
discharge, and then decreases to ~ 1 particle/cm3 at 500 ms. The number density and diameter of the particles do not 
strongly depend on the kind of gas mixture. 

Figure 8 shows the probability of arc at the second discharge as a function of time interval of double-pulse discharge. 
The second discharge in the double-pulse experiment occurs in a stable gas where the gas density depletion, shock waves, 
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Fig. 3   Photograph of reflected light by floating particles. 
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residual ions, and discharge products generated by the 
first pulse discharge are remained. Twenty cycles of 
discharges are attempted and the probability of arc is 
calculated from the number of times in which the 
filamentary luminance is observed in the discharge. 
In the gas A, the second discharge easily tends to be arc 
within the time interval of 300 ms. However, the arc 
does not occur in the gas B. It has been clearly 
demonstrated that the floating particles of the order of 
100 urn hardly affect the discharge characteristics. 
The present results show that some factor other than the 
floating particles, such as fluorine gas, strongly induce 
the transition form the glow to the arc. 

4. CONCLUSION 

The floating particles generated by the high-pressure, pulsed glow discharge in KrF excimer laser excitation have been 
visualized by the pulsed-laser reflection method. The particles are observed in the discharge region just after the 
discharge. The number density of the particles increases to ~ 3 particle/cm3 at 200 ms after the discharge, and then 
decreases to ~ 1 particle/cm3 at 500 ms. The floating particles with diameter of the order of 100 urn have little effect on 
the discharge instabilities. 
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ABSTRACT 

For discharge pumped F2 lasers, the uniformity of the laser medium is important for the laser quality. So 
that, we developed a one-dimensional simulation code to investigate the effect of the inhomogeneity of the 
initial electron density. Only a few percent initial fluctuations affected the main-discharge electron number 
density largely. 

1. INTRODUCTION 

The F2 laser is expected to have next generation applications including the laser lithography and so on. For 
discharge pumped lasers, the uniformity of the discharge affects to the quality of laser. So, we developed a 
one-dimensional F2 laser simulation code, and investigated the effect of nonuniformity. 

2. SIMULATION MODEL 

Our simulation code is based on the one developed by Green and Brau.x) This model is constructed with 
three blocks including the discharge circuit equation, Boltzmann equation and the rate equations. 

2.1. Discharge circuit 

Discharge circuit used in the simulation code is shown in Fig.l. This is a circuit of transfer 
capacity type and the circuit constants are Ri=0.15[Q], R2=0.l[Q], R3=R2, Li=140[nH], 
L2=10[nH], U=U, Ci=20[nF], C2=14[nF] 

Ci     Ri     Li R3     La 
rrii-VWV-W—r—iWWTüTs 

Cwcut Constants 

R1=0.15Q 
R2=0.1Q 
R3=R2 
L.1=>40nH 
U=10nH 
L3=L2 
C1=20nF 
C2=1*iF 

Fig.l Discharge circuit 

2.2. Rate equations and Rate Constants 

The rate equations and Rate Constants used in this code are shown in Table-1.2) 
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Table-1 Main Reactions and Rate Constants 
Reactions Rate Constants Reactions RateConstants 

He + e -» He* + e Boltzmann F2 + e ->• F + F Boltzmann 

F2 + e -> F2
+ + 2e Boltzmann F2 + e -> (F2(A)* + e ) -> 2F + e Boltzmann 

F2(A)* + e -> F2 + e Boltzmann He+ + F- + M -> F* + He + M P-dependent 

F2
+ + F" + M -> F* + 2F + M P-dependent F+ + F- + M -> F2(D)* + M P-dependent 

He* + F2 -► F2
+ + He + e 1.0xl019cm3/s He+ + F2 -> F2

+ + He 1.7xl09cm3/s 

F2+ + e -* F* + F 7.0x10 8 cm3/s F* + F2 -> F2(D)* + F 5.1xl0I0cm3/s 

F* + 2He -► F + 2He 1.0x10 35 cm6/s F2(D)* + He -> 2F + He 1.0x10 13cm3/s 

F2(D)* + 2He — 2F + 2He 1.0x10 33 cm6/s F2(D)* + F2 -» 2F + F2 5.0x10-9 cm3/s 

F2(D)* + e -> 2F + e 2.0x10 7 cm3/s F2(D)* + Ph -> F2(A)* + 2Ph 6.8xl016cm3/s 

F2(D)* -» F2(A)* + Ph 3.7x10-9 s F2(A)* + M — 2F + M e-life time 

He* + Ph -> He+ + e 2.2x10 18 cm2 He2* + Ph -> He2
+ + e 1.9x10 >8 cm2 

F- + Ph -> F + e 1.9xl018 cm2 

e: electron 
F2(A)*: low level excited 
Ph: photon (l57nm) 
M: Neutral gas 

state 
e-life time: effective life time 
F2(D)*: high level excited state 
p-dependent: pressure dependent constant 

2.3. Modification of the simulation code 

As a space coordinate axis, we took X-axis which is perpendicular to the light axis and discharge direction. 
We assumed that the shape of the electrode was conical. The discharge volume was divided into small 
sections. The cross section of the electrode section is shown in Fig2. The minimum gap length is 22.5mm. 
The length and width of the electrode are 45cm, 2.6cm respectively. 

0- 

K 

Fig. 2 Discharge section 
K: Cathode     A: Anode 

3. RESULTS AND DISCUSSION 

The condition of the simulation is as follows. Gas mixture ratio is He:F2=99.85:0.15, and the total pressure 
is 3[atm]. Charging voltage is 30[kV]. The initial electron number density is 108[electorons/cm3]. At this 
condition, the results of simulation are shown below. Fig.3,4 show the discharge voltage and current. Fig.5 
shows the electron number density. Fig.6 shows the photon number density. Fig.7 shows the gas 
temperature. 
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To investigate the effect of the fluctuation of the initial electron density, we assumed the local density 
fluctuation in the initial electron density. Fig8 with +1% fluctuation and +10% fluctuation. 

— No flucl 

1OT flut 

Fig.8 l%fluctuation and 10% fluctuation 

From the Fig.6, we estimate the laser output energy is about 3[mJ]. From the Fig.8, electron density is 
affected by the initial electron fluctuation. Only 1% fluctuation, it affects the electron density. 

4. SUMMARY 

We developed a one-dimensional simulation code. Gas mixture ratio is He:F2=99.85:0.15, and the total 
pressure is 3atm. Charging voltage is 30kV. We estimate the laser output energy is about 3[mJ]. Only a few 
percent initial fluctuations affected the main-discharge electron number density. 
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ABSTRACT 

Highly efficient NdrYAG ceramic laser at 1064 nm was demonstrated. Using 1 W LD end-pumping scheme, with 883 mW 
pumping, 499 mW 1064 nm CW laser output has been obtained corresponding to an optical to optical efficiency of 56.5%. 
High power CW Nd:YAG ceramic rod laser was also demonstrated for the first time. The maximum output power of 31 W 
with 18.8% slope efficiency was obtained at 1064 nm. The potential of NdrYAG ceramic laser was also discussed. 

Key words: Solid-state lasers, Ceramic laser, NdrYAG ceramics, 

1.   INTRODUCTION 

Ceramic Lasers appeared more than 30 years ago. The Hot-pressed CaF2 doped with dysprosium appears to be the first 
reported polycrystalline material, which established laser oscillation.1 Recently polycrystalline NdrYAG ceramic laser 
material has received much attention since the quality of NdrYAG ceramics has been improved greatly and highly efficient 
laser oscillation could be obtained that is comparable in efficiency with NdrYAG single crystal lasers. Compared to growing 
technique of NdrYAG single crystals, the fabrication of polycrystalline transparent NdrYAG ceramics has a great potential 
of scaling. The large size ( now of about (|>400 mmxlO mm sample is available) and high concentration (>1%) neodymium 
doped samples can be fabricated. And also multi-layer active elements and multi-functional ceramics can be easily 
fabricated. These advantages give much more freedom in laser designs. For the fabrication of transparent ceramics, hot 
press method, wet chemical method and urea precipitation method had been used. In 1995, Akio Ikesue, et. al. fabricated 
highly transparent NdrYAG ceramics. The scattering loss (0.009 cm'1) for this sample was sufficiently low to obtain laser 
output for the very first time. Slope efficiency of 28% was reported.2 

Recently Konoshima Chemical Co. Ltd. developed NdrYAG ceramics successfully by a new method.3'4 We prepared fine 
YAG particles of around 10 nm in diameter in the combination of liquid phase chemical reaction and pre-sintering technique. 
The ceramic formation process and sintering process have been optimized for fabricating highly transparent NdrYAG 
ceramics. The average diameter of grain size is about 10 um with grain boundary width less than 1 nm. The porosity in this 
kind of ceramics is only 1 ppm level. Such narrow grain boundary and very low porosity ensure very low scattering loss 
inside the ceramic samples. The optical properties, including absorption spectrum, emission spectrum and fluorescence 
lifetime, had been studied, almost identical optical properties with those of NdrYAG single crystal was obtained.5 

2.   LASER EXPERIMENTS 

2.1 End pumping laser experiment 

1% and 2% NdrYAG ceramic lasers were demonstrated using end-pumping scheme. The experimental setup for LD 
end-pumped NdrYAG laser is shown in Fig. 1. A 1 W high brightness Hamamatsu 2901 LD with 1x50 urn2 emission 
profiles was used as the pump source. When the LD output is 1 W, about 883 mW pump power can be focused on the end of 
sample. A 5 mm 1% NdrYAG ceramic sample and a 2.5 mm 2% NdrYAG ceramic sample were used in this experiment. 
One end of the ceramic samples was anti-reflection coated at 808 nm (R<5%) and high-reflection coated at 1064nm 
(R>99.8%) to act as a cavity mirror of the laser (input mirror), the other end was anti-reflection coated at 1064nm. Output 
mirror is a concave mirror with 250 mm radius and the reflectivity is 97% at 1064 nm. The cavity length is about 20 mm. A 
5 mm 0.9% NdrYAG single crystal sample procured from Litton-Airtron Inc. was used for comparison. The coatings are the 
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same with that of ceramic samples. 
Figure 2 shows the laser output versus input power for Nd:YAG ceramic lasers and single crystal laser, respectively. The 

slope efficiencies are 58.5%, 55.4% and 55.2% for 1% ceramic, 2% ceramic and 0.9% single crystal, respectively. With 883 
mW maximum pump power, 499 mW, 465 mW and 474 mW laser output at 1064nm were obtained for 1% ceramic, 2% 

LD OC 
L1 

A 
L2 

Nd:YAG 

\l \l 

600 

_ 500 

ä 400 

I 300 

1 200 

100 

1 % ceramic laser 
2% ceramic laser 
0.9% crystal laser 

400        600 

Pump power (mW) 

1000 

Fig.l.  Schematic  diagram  of the end-pumped  laser 
experimental setup. LD: laser diode; LI, L2: collimating fig.2. Nd:YAG Lasers output at 1064 nm versus pump 
and focusing lens; OC: output coupler. power. 

ceramic and 0.9% crystal lasers, respectively. The corresponding optical to optical conversion efficiency is 56.5% for 1% 
ceramic laser, 52.7% for 2% ceramic laser and 53.7% for single crystal laser. 

Because the neodymium concentration and sample length are different, under the same maximum pump power of 883 
mW, 840 mW, 842 mW and 795 mW pump power were absorbed by %1 ceramic sample, 2% ceramic sample and 0.9% 
single crystal sample, respectively. In order to have a reasonable comparison, absorbed pump power should be used to 
calculate the efficiencies. Table 1 lists all results calculated according to absorbed pump power for ceramic and single 
crystal lasers, respectively. 

From Table 1, one can see, for 1 % ceramic and 0.9% single crystal lasers, whatever on thresholds, Optical to Optical 
(O-O) conversion efficiencies or slope efficiencies, the two kinds of laser materials share almost identical laser properties. 
This is the first highly efficient Nd:YAG ceramic laser demonstration this is comparable to Nd:YAG single crystal lasers up 
to now. 

The threshold of 2% ceramic laser (27 mW) is a little larger than that of 1% ceramic laser (20 mW). The slope 
efficiency is 57.6%, which is about 3% less than that of 1% ceramic laser. This is because of the quenching effect in high 
concentration Nd:YAG ceramics. The fluorescence lifetime of 1% and 2% ceramic are 234 \xs and 174 (is, the difference is 
60 ]is, and the difference in lifetimes indicates the possibility of fluorescence quenching. But on the contrary, the absorption 
coefficient increases almost linearly with increasing the neodymium concentration. For end pumping scheme, the required 
thickness of laser materials is reduced because of high absorption coefficient. One of the advantages of high concentration 
Nd:YAG is that it can be used in microchip lasers to generate single frequency output efficiently. Since Nd:YAG has much 
better thermo-mechanical properties than Nd:YV04, high concentration Nd:YAG is a very good alternative in single 
frequency lasers. 

Table 1. Laser parameters calculated according to absorbed pump power 

Absorbed Output 0-0 Threshold Slope efficiency 

power power efficiency 

1% Ceramic 840 mW 499 mW 59.4% 20 mW 60.8% 

2% ceramic 842 mW 465 mW 55.2% 27 mW 57.6% 

0.9% crystal 795 mW 474 mW 59.6% 20 mW 60.6% 

2.2 High power laser experiment 

High power CW laser oscillation with Nd:YAG ceramic rod using virtual point source (VPS) pumping system was 
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obtained for the first time. 
The pumping geometry used in this work is called virtual point source (VPS) which has been described previously.   In 

this setup, 32 sets of 10 W laser diodes (807 nm) were used to form a symmetrical ring-shaped pumping source so as to get 
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Fig. 3 Schematic diagram of Nd: YAG ceramics laser cavity 
and the virtual-point pumping source (VPS). 

0 50 100 
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Fig.4 Laser output versus VPS pump power. 

better angular uniformity. The outputs of the laser diodes were focused into a point (or line) at the rod axis by 32 set of 
optics. The axial illuminations completed by a coaxial cylinder with Ag-coated side surface and Au-coated end surfaces 
which, in all, act like a huge double-clad fiber. The point of focus, acting as a virtual point source, was imaged and 
re-imaged along the rod axis and reflected by the end surface, so that after multiple passes the whole of the laser rod was 
illuminated. 

The schematic laser setup is shown in Figure 3. The sample used in this experiment is a <f> 3 X100 mm 1% Nd:YAG 
ceramic rod. The end faces of the rod were flat and antireflection-coated at 1064 nm. Two concave mirrors both with 500 
mm radius were used to form the laser cavity. One was HR coated at 1064 nm; the other mirror has a reflectivity of 80% at 
1064 nm. The cavity length is about 60 cm. A j> 3 X100 mm 0.6% Nd:YAG single crystal rod with the same coatings was 
used to have a comparison. 

Figure 4 shows the high power laser output at 1064 nm versus pump power. Laser threshold is 39.9 W, and when the 
pump power was increased to 214.5 W, 31 W multi-mode continuous laser output at 1064 nm was obtained corresponding 
to an optical-to-optical efficiency of 14.5%. The slope efficiency is 18.8%. For single crystal laser, the threshold is 34 W, 
and with 214.5 W pumping, the output is 65 W. The slope efficiency is 36.3% which is about 2 times larger than that of 
ceramic laser. When pump power was increased above 214.5 W, the ceramic laser output began to decrease because the very 
short thermal focal length (estimated 120 mm) make the resonator approach the stability edge. For such VPS system, low 
neodymium concentration Nd:YAG sample is better because at the same pump power, low concentration sample has longer 
absorption depth, longer thermal focal length and less thermal distortion loss, so that more pump power can be added and 
higher efficiency can be expected. High power low concentration (such as 0.6%) Nd:YAG ceramic laser will be investigated 
later. 

3.   FUTURE PROSPECTS 

We reported the present status of YAG ceramic laser in this report. We understood the ceramic formation is the crystal 
growing process 10 nm nano-crystals to 10 urn micro-crystals. Growing speed of the crystal was approximately 2 um/hr. 
Such a slow growing speed of crystals allows the new crystals difficult to be grown in the conventional crystal growth under 
high temperature.   The crystal growth in ceramics is more natural. 

The big advantage of ceramic lasers is the scaling. It is possible to fabricate a meter size laser material through a 
glass-like fabrication process. This gives us a new possibility of large size and low cost laser materials. In addition, the 
mixed ceramics allow the possibility of multi-color active material, which is important for the laser fusion driver for 
ultra-high homogeneous illumination on target. We already demonstrated the formation of Im x lm thin ceramic YAG. If 
we develop the multi-layered ceramics of such a large size as shown in Figure 5, the cost of microchip lasers with 
multi-functions should be drop drastically. 

The modern technology of the ceramic formation and fabrication shows the great progress, recently. For example, the inc 
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jet printer contains the piezo-electric actuator with 10 pm thickness. The thickness of the ceramic layer in high capacitance 
ceramics is only 2 to 3 p.m. To avoid the breakdown in such a high field strength the dielectric ceramics are pore-free and 
defect-free. The transparent ceramics for lasing materials are very similar to these ceramics. It means the mass 
productive process for the ceramic capacitance can be applied on to the ceramic laser fabrication. Figure 6 shows the 
future image of continuous fabricating process of multi-functional ceramic lasers which is similar to the iron and glass 
fabrications. The green-sheet of ceramics are combined in the multi-layered sheet in the rolling mill. If the thickness of 
layers is thin enough, the mismatching in the thermal expansion and volume reduction in the sintering process can be 
overcome. 

Large Size Disk and Slab Lasers 
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Fig. 6. Future image of ceramic laser fabricating process. 

4.   CONCLUSION 

Optical absorption, emission spectra and fluorescence lifetime for Nd:YAG ceramics have been measured and compared to 
that of single crystal. Almost identical results have been obtained. 

End-pumped laser experiment results show that the Nd:YAG ceramic lasers have almost the same laser efficiencies with 
that of single crystal. It means the scattering loss at the lasing wavelength of 1.064 pm is similar to that of single crystal. 
High power laser oscillation also was demonstrated using VPS pumping system. 31 W was obtained with 214.5 W pumping. 
Since Nd:YAG ceramics have their own advantages, for example, no expensive Ir crucible is required, large size and high 
concentration samples can be fabricated easily compared to single crystal growth method, and also mass production is 
possible. This kind of Nd:YAG ceramic is a very good alternative to Nd: YAG single crystals. The low cost and large-scale 
ceramic lasers can open the door to the new world of solid state lasers. 

ACKNOWLEDGEMENT 

The authors would like to thank Prof. A. A. Kaminskii, the guest professors in our group from Russia, for 
very useful discussion. The authors would like to mention that the investigation was considerably enhanced 
due to collaboration with the Joint Open Laboratory for Laser Crystals and Precise Laser Systems. 

REFERENCES 

1. E. Carnall, Jr., S. E. Hatch, and W. F. Parson, Materials Science Research, edited by W. Wruth Kriegel and Hayne 
Palmour III (Plenum, New York, 1966), vol. 3. 

2. A. Ikesue, T. Kinoshita, K. Kamata et al., J. Am. Ceram. Soc. 78, 1033 (1995). 
3. T. Yanagitani, H. Yagi, and M. Ichikawa, Japanese patent: 10-101333 (1998). 
4. T. Yanagitani, H. Yagi, and Y. Hiro, Japanese patent: 10-101411 (1998). 
5. J. Lu, M. Prabhu, J. Song, C. Li, J. Xu, K. Ueda, et al., accepted by Appl. Phys B. 
6. A. A. Kaminskii, Laser Crystals. (Berlin, Heidelberg: Springer-Verlag, 1990). 
7. N. Uehara, K. Nakahara, and K. Ueda, Opt. Lett., vol. 20, 1707 (1995). 

376 ProcSPIE Vol. 4184 



Multi-wavelengths Z-scan n2 measurements on crystal hosts for 
ultraviolet laser systems 

Guido Tocia, Matteo Vanninia *, Renzo Salimbenia, Mark A. Dubinskiib, E. Giorgettic 

a Istituto di Elettronica Quantistica (ffiQ-CNR), Via Panciatichi 56/30, 50127 Firenze (Italy) 

b Magnon, Inc., 11710 Reisterstown Road S204A, Reisterstown MD 21136, USA 

Istituto di Ricerca sulle Onde Elettromagnetiche "Nello Carrara" (IROE-CNR) Via Panciatichi 64, 
50127 Firenze (Italy) 

ABSTRACT 
The nonlinear Kerr refractive index n2 was determined in several crystal hosts, suitable for Ce3+ doping to obtain tunable 
laser emission in the UV (LiBaF3, LiLuF4, LiCAF, SrAlF5) and in the KMgF3, suitable for Yb2+ doping, a potential laser 
material in blue region. These parameters were measured by means of Z-scan measurements at 1064 nm and 532 nm, using 
picosecond laser pulses. The materials under test didn't exhibit two photon absorption effects, within the experimental 
sensitivity limits. The characterization of these new optical materials is important in view of the development of high peak 
power laser oscillators and amplifiers. 

Keywords: Z-scan, nonlinear refraction, LiBaF3, LiLuF4, LiCAF, SrAlF5, KMgF3, Cerium laser, Ytterbium laser, blue-UV 
laser 

1. INTRODUCTION 

Solid state laser media obtained by doping wide band-gap dielectric crystals with rare earth ions for emission in the blue 
and ultraviolet (UV) region, and based on the dipole-allowed 5d«-»4f transition were firstly proposed1 , then experimentally 
demonstrated 2, and they are currently receiving increasing attention due to their wide range of potential applications 
(spanning environmental sensing, biology, semiconductor technology). These laser media could offer an alternative to the 
efficient but rather complicated and expensive excimer lasers and very complicated sources based on nonlinear frequency 
up-conversion of tunable lasers in the red and near infrared wavelength domain. 
In particular Ce3+ activated Colquiriites such as Ce:LiSAF and Ce:LiCAF are widely tunable (280-320 nm), highly efficient 
and capable to deliver nanosecond and subnanosecond pulses in the tens of mJ energy range 3 4 5. Other Ce-based materials, 
such as Ce3+:LiLuF4 , Ce3+:LiBaF3 and Ce3+:SrAlF5 have shown similar laser properties 3 5 6 7. The Yb2+-doped KMgF3 

fluoroperowskite shows promising spectroscopic features for broadly tunable laser emission around 410 nm , although laser 
action is still to be demonstrated for this material. 
In this paper we report the measurements of the bound electronic nonlinear refractive index n2 of LiBaF3, LiLuF4, LiCAF, 
SrAlF3 and KMgF3 measured on undoped samples at 1064 nm in the picosecond time scale, by means of the well- 
established Z-scan technique 9. The n2 value at 532 nm of some of these materials was already measured by us 10 u and is 
reported here for completeness. The knowledge of the value of n2 is important for the development of new, high-power laser 
oscillators and amplifiers. In particular, the refractive part of the nonlinearity gives rise to self-lensing, that must be taken 
into account in the optical design of the device, as it can affect the resonator operation, the output beam quality or even lead 
to catastrophic optical damage 12. Furthermore self-phase modulation effects are important in the design of ultrafast laser 
systems (although this possibility has yet to be demonstrated for the materials under test). 
To measure the non-linear refractive index of these materials, we employed the sensitive and relatively simple standard Z- 
scan technique 9. This method is based on the self-focusing, or defocusing, of an optical beam induced by a nonlinear 
sample, which is moved along the propagation direction (Z axis) of a focused beam of known spatial structure. 
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2. EXPERIMENTAL SET-UP 

The experimental set-up is sketched in fig. 1. The laser that we employed to test the samples was a picosecond Nd:YAG 
oscillator/amplifier system, operating at 10 Hz, mode locked and frequency doubled (EKSPLA mod. PL2143A). Its 
emission parameters are reported in the table below. The pulse-to-pulse energy fluctuation is typically +-3% at 1064 nm and 
+- 5% at 532 nm (defined as standard deviation over 100 pulses). The pulse duration at the two wavelength was measured 
with the standard second-order autocorrelation method, and evaluated assuming a sech2 pulse shape. We adopted the so- 
called trimmed Airy beam to perform the Z-scan measurements because this beam structure is easier to obtain than a 
gaussian beam from a real laser source, and it also provides higher sensitivity than this latter 13 .We obtained such a beam 
structure by first selecting the most uniform part of the laser beam with a 400 urn diameter pinhole and then, after a 
distance d of free propagation (d = 200 cm @ 532 nm, d = 260 cm @ 1064 nm), by selecting the central lobe of the 
resulting Airy pattern with an iris (diameter 6.4 mm @ 532 nm, 16.9 mm @ 1064). This lobe is focused at a distance/= 350 
mm by a lens placed next to the iris. After the focus, the beam reached an aperture in the far field with a transmission 
T«5%. The transmitted energy was measured by a silicon photodiode, and a beamsplitter placed between the iris and the 
lens sent part of the pulse energy to a reference photodiode. A 12 bit ADC board (National Instruments) simultaneously 
acquired a pulse sequence from the two photodiodes (both equipped with an integrating pulse-formation circuit, providing a 
peak voltage proportional to the light pulse energy), each at 10 ksample/sec of acquisition frequency. The signals were then 
stored and processed on a PC, which evaluates the time-averaged aperture transmission (T)=Eaperlvr<JElolai for each laser 
pulse and averages this latter value over several laser pulses (typically 30) for each crystal position. The crystal was 
mounted on a motorized stage (Microcontrole) with 0.1 um resolution, controlled by the same PC. For each sample, we 
acquired several Z-scan traces at various input pulse energies (measured with an Ophir NOVA energy meter equipped with 
a PE10 pyroelectric head), adjusted with rotating disk variable attenuators. The maximum pulse energy impinging on the 
sample was about 40 uJ for both wavelengths. 
The fluctuations in the linear 

Pinhole, 0 0.4 mm p      Iris       Lens   „       , Aperture transmission of the sample, 
due to small surface and 
volume defects, were 
compensated by calculating 
the ratio between each scan 
and one acquired at low pulse 
energy, as reported in 9. The 
overall sensitivity in the 
transmission variation thus 
achieved ranged from 0.25 % 
for the samples with better 
optical quality to 2 % for the 
worst ones. 

Oscillator/Amplifier      ^ 
frequency doubled Nd:Yag j 

EKSPLA PL 2143A 

Sample 

m 
Photodiode 1 

Free propagation 

Laser parameters 532 
nm 

1064 
nm 

Max. pulse enerqy (uJ) 40 40 
Pulse duration (psec) 18 35 
Peak power density (GW/cm;) 140 90 
Pulse rep. Rate (Hz) 10 10 
Pulse energy fluctuation 5% 3% 

Translation 
stage 

Photodiode 5 2 bit, 2ch.100kS/sbf 
ADC board L^ 

Figure 1: The experimental setup 

3. THEORY AND DATA ANALYSIS 

The theory for the trimmed Airy beam, within the limit of thin samples, has already been reported by Rhee et al. ; in a 
previous work, we have extended this theory to the case of thick samples ". This enabled us to process and calibrate 
measurements obtained from samples having very different optical thickness. Neglecting the phase modulation effects of an 
order higher than the first, and the so-called self-action (that is, the perturbation due to the nonlinear beam refraction in the 
first portion of the sample, affecting the beam that crosses the remaining parts of the sample), one obtains the expression 

ATthick(x>L)= kn'2loZdnaF^(x,LIn0zd), (1) 

where zd=(Xf2)/(itrA
2) is a characteristic diffraction length, determined by the lens focal length/and the radius of the first 

zero of the Airy intensity distribution at the lens plane rA ; k is the vacuum wavenumber, I0 is the beam intensity in the 
focus, «o is the linear refractive index , n[ is the nonlinear refractive index. Fr is a function of x=z/zd (where z is the 

distance of the crystal input face from the beam waist) and of the crystal length L (measured in units of the beam diffraction 
length in the crystal, ndzd). Fy can be calculated by properly integrating over the sample length the transmission variation 
obtained in the case of a thin sample, numerically calculated using the method described by Rhee et al. '3. 
As pointed out before, our experimental set-up is capable to measure the transmission averaged over the pulse duration: 
{T)=Eapt,nurJEmah which is related to the instantaneous transmission described by eq. (1) via the following expression 
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(3) 

(ATMck (x, L)) = CFy(x,L/ n0zd ) , (2) 

where C is related to the laser pulse temporal shape and to the laser pulse energy through the formula 

C = kn04zdfa/7m?^lf{tfdt/lf(t)*yp  = bE'p  , 

with : E'p , pulse energy (corrected for the Fresnel losses at the crystal surface); f(t), pulse temporal shape (so HaaX.f(t)E'p = 
P(t), instantaneous power); and w, effective beam radius in the focus (so that the focal power density is I(t)=2P(t)/im2). 
The value of the «/ coefficients was determined by means of relative measurements calibrated with a reference material. As 
a calibrating sample we used a 5-mm-long sapphire (A1203) sample, whose «/ value has been accurately determined at 
several wavelengths 14. With this approach we avoided the needing of an accurate determination of the laser pulse shape and 
of the beam waist radius appearing in eq. (4), which are difficult to determine accurately in the picosecond or femtosecond 
pulse regime. 
We fitted each Z-scan profile (corrected for the linear transmission as described above) with eq. (2). For each series of 
measurements taken on a given sample at different energy levels, we calculated the energy slopes b defined in eq. (3). The 
n2 value of the sample is given by (the subscripts Sam. and Ref. indicate the sample and the reference, respectively) 

n'lSam. ="2Ref [bSam.n0Ref.]/[bRef.n0Sam.]  • (4) 

4. RESULTS AND CONCLUSIONS 

Table 1 reports the values of n2 obtained at 1064 nm ; the values previously obtained at 532 nm 10 u are also reported for 
completeness. In addition to the previously uncharacterized materials, i.e. LiLuF4 and LiBaF3, we also report the 
measurements obtained with a LiCAF sample and a fused silica sample. This latter was added to the samples under test 
because it is a fairly well characterized material 14, thus providing validation for the measurement set up and the data 
processing technique that we adopted. The «/ value for LiCAF was measured because, although this host appears in the 
literature as a suitable material for Ce3+ doping for UV laser emission, its n2 was previously measured only at 1064 nm . It 
is reasonable to expect that this value of n/ will increase at shorter wavelengths. 
In table I, the error reported on the «/ ln2{PAiO?) ratio depends on the statistical error of the fits and on the determination of 
the energy slopes, whereas the error on the absolute values of«/ also accounts for the error in the reported value of sapphire 
«/. According to Table I, all the materials exhibit a n2 value smaller than that of A1203. No two photon absorption effects 
were observed within our sensitivity limits, as it is reasonable considering that for all the materials under test the energy 
band-gap is above the incident two-photon energy. For instance, the cutoff wavelength of LiBaF3 and LiCAF is 112 nm , 
and for KMgF3 is 115 nm 16 17. For the same reason, all the materials under test exhibit a quite low dispersion of the «/ 
value in the wavelength region under test. 
In conclusion, we reported the measurements of«/ nonlinearity at 1064 and 532 nm of important host crystals LiBaF3 and 
LiLuF4 . These materials have shown attractive characteristics as UV laser materials when doped with Ce3+, and this 
characterization is useful in view of the development of high peak power UV laser devices. For example, the materials 
showing lower values of n2, such as LiCAF, seem to be more appropriate for the development of an high power density 

Sample L 
(mm) 

"0 ^/«2
7(AI2O3) Measured n2 

(10-16cm2/W) 
Reported «/ 
(10"16cm2/W) 

Ref. 

1064 nm 
A1203 5.0 1.75 - - 2.910.7 14 
LiBaF3 9.0 1.544 0.7010.03 2.010.5 - - 
LiLuF4 3.65 1.448 0.50±0.03 1.510.4 - - 
LiCAF 1.39 0.4 15 
KMgF5 3.65 1.4 0.22±0.04 0.610.3 - - 
SrAlF5 3.65 1.55 0.3±0.05 0.910.4 - - 

532 nm 
A1203 5.0 1.76 - - 3.310.7 14 
LiBaF3 9.0 1.544 0.82+0.14 2.7+0.9 - - 
LiLuF4 1.0 1.47 0.4510.04 1.510.5 - - 
LiCAF 12.6 1.398 0.1610.02 0.7310.25 - - 

Table 1: Experimental values of the nonlinear refractive indexes for the materials under test. 
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amplifier useful, because they determine smaller self-focusing effects (although this is not the only parameter determining 
the material choice) 

The measurement of the n-  value and the two-photon absorption coefficient of the above materials at shorter 
wavelengths, closer to the pump and lasing wavelength associated with Ce3+-activation, will be the subject of future works. 
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ABSTRACT 

The observed absorption and emission spectra of YbiYLF at low temperature show that energy extraction efficiency is improved drastically 

with the reduced saturation fluence of 9 J/cm2 and the expanded spectral width of 38 nm. Yb:glass also shows a similar temperature 

dependence of the spectral characteristics to that ofYb:YLF. 

Keywords: Yb-doped material, uhrahigh-peak-power laser, diode-pumping, tow temperature, spectroscopy 

1. INTRODUCTION 

Since the first demonstration of a chirped puke amplification (CPA) system,0 table-top uhrahigh-peak-power lasers have been developed 

utilizing an uhrashort puke duration using a wide laser gain width of a TirSapphire crystal.24 Using such uhrahigh-peak-power lasers, many 

novel phenomena in a high-field science have been shown experimentally.5^* Nd:YAG lasers are one of the most major and verified 

pumping sources in such a Ti:Sapphire laser system, but occupy a comparably large space. Recently direct diode-pumped solid-state lasers 

with compactness and easy handling are in high demands and will advance many application fields. YbiYLF and Yb:glass are one of the 

most promising laser materials for the diode-pumped uhrahigh-peak-power lasers due to a wide fluorescence spectral width and an 

absorption spectrum range matched to an emission wavelength of commercially obtainable high power laser diodes. We have demonstrated 

a diode-pumped oscillator with a Yb:YLF in a free running mode for the first time to our knowledge.7' A tunability measured with a 

birefringence filter shows the wide spectral width of 20 nm. In our free-running oscillator, the slope efficiency was high of 50%, which 

indicates the high ability for an efficient operation. But an optical-to-optical conversion efficiency was quite low of 13% in spite of an intense 

diode-pumping with more than 100 kW/cm2. Our oscillator using Ybiglass also shows Ihe tow optical conversion efficiency of 10%. 

Because there was much re-absorption of the tower levels of the laser transition at room temperature, which are often found in the quasi- 

three-level system. As an energy splitting separation between the resolved ytterbium ground levels in both laser materials (AE^ < 800 cm"1) 

is comparable to room temperature (kT ~ 209 cm"1 at 300 K), the population of the ground levels is very sensitive to the material temperature 

and the reabsorption of the laser lower levels can be controlled actively by changing the material temperature. By cooling the Yb-doped 

materials, therefore, much higher energy extraction efficiency must be obtained due to the reduction of the re-absorption, leading to a higher 

optical-to-optical conversion efficiency. In this paper, the high possibility of the drastic increase of the energy extraction efficiency by cooling 
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the YbiYLF and Yb:glass materials was shown based on our laser output characteristics and spectroscopic researches. 

2. SPECmOSCOPIC RESEARCH AND PROSPECTS FOR ULTRAHIGH-PEAK-POWER LASERS 

2.1. At Room Temperature 

T = 295 K 
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The absorption and emission spectra of Yb:YLF 

(60 at %) and Yb:glass (19 wt %, Kigre Inc., 

QX glass) were observed in a near-infrared 

region. In Yb:YLF at room temperature, the 

emission spectrum was overlapped with the 

absorption spectrum in the most of its spectral 

region for both Jt- and o-polarization, shown in 

fig.1 (a) and (b), respectively. A spectral range 

without the re-absorption was at the longer 

wavelength than 1040 nm for jt-polarization 

and than 1050 nm for o-polarization, both of 

which were far from the wavelength of each 

emission peak. Our diode-pumped free-running 

laser was actually oscillated at 1040 nm for 7i-polarization, not for o-polarization.6) The 

slope efficiency was high of 50%, but the optical-to-optical conversion efficiency was 

low of 13%. If the pumping intensity could increase higher, the optical conversion 

efficiency would increase. That, however, can't be expected in diode-pumping because 

the pumping intensity in our oscillator was already enough high of 100 kW/cm2 as an 

available high-brightness laser-diode. The oscillation wavelength could be tuned by 

putting a birefringence filter into the cavity. The spectral tuning width was wide of 20 

nm, but much narrower than the emission spectral width. The effective saturation 

fluence at 1040 nm was numerically calculated at 114 J/cm2. Even if a quite high 

pumping intensity can be obtained by diode lasers,   the efficient energy extraction of 
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Fig. 1 Absorption and emission spectra for (a) n- and (b) o-plarization ofYb:YLF 

at room temperature. 
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Fig. 2 Absorption and emission spectraof 
Ykglass at room temperature. 

an YbiYLF crystal in a CPA system can't be   technically achieved because the damage 

thresholds of any optics are much tower than the effective saturation fluence. Fig. 2 shows the absorption and emission spectra of the 

Yb:glass at room temperature. The overlap between them was observed in the almost whole observed spectral range. The emission spectral 

range without absorption was at the longer wavelength than 1040nm. A free-running laser oscillation with the Yb:glass was observed by 

changing the YbYLF crystal to the Ybglass.7' The oscillation wavelength was 1056 nm which is far from the emission peak wavelength as 

well as that in YbYLF. The observed tuning width was 26 nm between 1042 nm and 1068 nm. The slope efficiency was 23% and the 

optical conversion efficiency was 10%. The saturation fluence at 1060 nm was estimated too high of 251 J/cm2. 
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22. At Low Temperature at Room Temperature at Low Temperature 
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Fig3 Populations in Yb* doped in YLF and glass. 
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Cooling the YbiYLF crystal or Yb:glass leads to an 

efficient energy extraction. All resolved levels in 

the lower level (2F7/2) of the laser transition are 

populated at room temperature. As the energy 

seperation is comparable to room temperature, the 

population   of  each   level   changes   at   low 

temperature, that is, the upper levels among the 

resolved ground levels become empty and the 

lowest level becomes more enriched, shown in Fig 

3. The re-absorption of lower levels of the laser 

transition, therefore, will be reduced. The energy 

extraction efficiency will increase and the spectral 

width     for the effective  laser gain will  be 

expanded. Fig. 4 (a) and (b) show the absorption 

and emission spectra at 8 K for TC- and o- 

polarization of an YbiYLF crystal, respectively. 

The spectral overlap was completely vanished for 

bolh polarization. The energy extraction efficiency 

increases   drastically   even   in   diode-pumping 

without the re-absorption just like the four-level 

laser system.   The spectral range with an effective 

laser gain is expected to be the same as the whole 

emission spectral range,   that is about 38 nm   for 

both polarization which corresponds to   a   39 ft 

uHrashort pulse duration under the assumption of the Fourier transform limit of the gaussian 

profile. The peak emission cross section for jt-polarization increased extremery to 23 x 10"20 cm2 

at 995 nm,   which was about one-order higher than the effective emission cross section at 1040 

nm at    room    temperature.    The effective saturation fluence in a diode-pumping was 

decreased to 9 J/cm2 (at 1015 nm) at 8 K from 114 J/cm2 (at 1040 nm) at room temperature, 

which was comparable to the minimum damage threshold among various optics for a 1-ns puke 

in a CPA system. For o-polarization, the saturation fluence was tow of 11 J/cm2 (at 1013 nm) 

comparable to that for rc-polarrzation. At low temperature, the efficient energy extraction can be 

achieved with commercially obtainable optics for bolh polarization. Fig. 4 shows absorption and 

emission spectra of Yb:glass at 30 K. The   temperature   dependence of  the   observed 

spectral characteristics were almost same as that of Yb:YLF. The spectral range for the efficient 

energy extraction will be expanded to 70 nm. The saturation fluence decreased to 56 J/cm2 (at 1013 nm) at 30 K from 251 J/cm2 (at 1056 

nm) at room temperature. These spectral characteristics for YbiYLF and Yb:glass were kept almost the same at the liquid nilrogen 
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temperature. That leads to a compact and low-cost cooling unit 

3. CONCLUSION 

The absorption and emission spectra of Yb:YLF and Yb.glass were observed. At low temperature, there were no overlaps between them for 

both polarization of a Yb:YLF crystal and the optical-to-optical conversion efficiency is expected to increase drastically even at a diode- 

pumping intensity. The broadened spectral range with the effective laser gain was 38 nm for both n- and o-polarization, which corresponded 

to a 39 fs ultrashort pulse duration. The effective saturation fluence was reduced below the damage thresholds of any optics used in a CPA 

system and the efficient energy extraction can be achieved with commercially obtainable optics. In Yb:glass, the similar temperature 

dependence of the spectral characteristics to that of YbYLF were shown qualitatively. The YbYLF and Yb:glass at low temperature will be 

used as the highly efficient laser materials for the diode-pumped uhrahigh-peak-power lasers. 
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a laser with a saturable absorber 
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Sciences of Belarus, Minsk, Belarus 

ABSTRACT 

Results of consideration of nonlinear dynamics and switching regimes in a solid state laser with a saturable absorber, 
which take into account spectral properties of both an active medium and saturable absorber with different resonant 
frequencies, give us multi-stability of their steady states and coexistence of two regular regimes with sequences of 
nanosecond sinusoidal pulses or picosecond high intensity pulses both with constant in time intensity regime in 
dependence on the beginning conditions. Switching regimes between coexisting steady states are demonstrated. Another 
model is proposed for consideration of the polarization of light in a isotropic cavity with crystal active medium and 
saturable absorber. Steady states both with two directions of linear polarization as result of self induced anisotropy effects 
are described. 

Keywords: Laser with a saturable absorber, nonlinear dynamics, multi-stability, polarization of light 

1. INTRODUCTION 

Lasers with a saturable absorber (LSA) find wide application both in scientific research and practical applications in 
nonlinear optics, spectroscopy, optical communications and so on due to rich number of valuable properties. New high 
quality crystals and dyes are widely used as compact laser sources and nonlinear elements. Picosecond pulses are observed 
in microchip LSA1'2 . That is why modifying of the basic equations to real new media, which permits us to find potential 
possibilities of the definite laser systems and predict their spectral and temporal properties is important. 

We propose results of consideration of two models for description of dynamics in a solid state or dye laser with a saturable 
absorber. One of them accounts for the spectral properties for arbitrary resonant frequencies of the transition in an active 
medium, saturable absorber and the cavity in the isotropic system. Another model is proposed for description of 
polarization properties of a LSA with a crystal active medium and saturable absorber in isotropic cavity. 

2. MULTISTABILITY AND SWITCHING REGIMES IN A LSA 

Results of theoretical consideration of the steady states, their stability,switching regimes under change of the definite 
parameter and nonlinear dynamics of a single mode solid state laser with a saturable absorber on the basis of model are 
proposed. The basic system of equations looks in the next way: 

ka      |     kb 
i2      , , A2 

/ = 2a(—2_ + —£--l)/,(i) 
1 + A2

a    1 + Ai 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 385 
©2001 SPIE0277-786X/01/$15.00 



(GSGG, GdV04 and so on) and a saturable absorber Cr4+:YAG or LiF:F"2 crystal, as for example in experiments5'6 

demonstrate us new polarization properties of laser radiation. There are phenomenological models for description of the 
experimental behavior of a YAG-.Nd3* laser with a saturable absorber Cr4+:YAG crystal and for a dye laser with a saturable 
absorber with anisotropy5"9. We propose model for theoretical description of a polarization properties of a solid state laser 
with a saturable absorber, which takes into account orientations of the dipole moments of crystals of the resonant 
transitions both in an active medium and in an absorber. 

The basic system of equations is written for two orthogonal components of the complex amplitude of electric field of 
radiation Ex and Ey in the isotropic cavity with direction of light propagation along z-axis. For the same orientations of 
dipole moments in an active medium as cubic crystal with optical axes along x,y,z directions there are written equations for 
the components of relative inversion of populations nm and nay. We consider the x- and y- components of the relative 
difference of populations of the ground and excited level in an absorber nbl and nb2, which take into account arbitrary 
directions of optical axes of crystal grating in an absorber. Namely angle 9 between optical axes of an absorber and axes x, 
v determines effective absorption. For nonlinear absorber withdifference of populationns following the field with small 
saturation parameters sbx «1 and sby «1 the basic system of equations is the next one: 

Ex = a{nA (1 - ib„) - K/i [1 - sbx (fjx + f2Iy + JJJ2{ExEy + KEy)) + 

+ ««/* (1 - Sby (f2Ix + flIy- ^fJ2{ExEy + KEy ))](! - ibb )-!}£„ 

Ey=a{nay(l-ibay)-[nb2fl(l-sby(f2Ix+f]Iy-4fj;(ExE;+E:Ey)) + 

+ nbJ2(1 - sbx(JXIX + f2Iy + 4ÄÄ(EXE; + E'xEy ))](l - ibby) - \}Ey, 

n<a=n°ax-nia-sianiaIx,   n^^n^ -n^- saynayly. 

Here f^cos29, f2=sin2 9 give us typical for cubic crystal dependence of absorption of the resonant dipoles5,7 on the angle 9 
between optical axes of an active medium and absorber in the plane (x,y). Then effective difference of populations in an 
absorber along axis x or axis y is written as 

nbx = "M/I + «62/2 >    nbv = nbJi + "blfl ■ 

Coefficient a is equal to the ratio of the decay rate of inversion of populations in an active medium to the photon life time 
in the cavity, im bay, bbx and bby give us resonant addition to refraction6, which for solid state medium is usually «1, but 
for a semiconductor, which can be used as a saturable absorber, it can be sufficient. Parameters of saturation of an active 
medium for each of polarization s^ and s^ are of the order of unity. Unsaturated gain in an active medium nj and nay 

gives us ratio of the unsaturated inversion of populations to the laser loss. 

There are three types of steady state solutions with nonzero intensity, namely two of them are linearly polarized with 
intensities Ix>0, Iy=0, and Ix =0, Iy>0 and can be determined as roots of square equation . Elliptically polarized solution 
with amplitudes of field E^e^'^ and £x=eye

if
y can be determined from the quartic equation. Trivial steady state with zero 

intensities of both polarizations exists for any parameters. 

Figure 3 gives us example of the dependence of the intensity of the steady state Ix (a), Iy (b) with linear polarization of 
rotation of an absorber in plane (x, y). 
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ka,b = da,b(ya,b ~ ka,b ~ sa,bka,b ~ ^—)> (2) 
1 + Ä a,b 

f = -Ac-akaAa/(\ + A2
a)-akbAb/(l + A2

b),       (3) 

There are two kinds of multivalued steady states which correspond to two sets of roots due to action of nonlinear dispersion 
of both active and passive media when spectral width of an absorption line of absorber is more narrow than spectral width 
of the gain line of an active medium. Conditions for several such values of intensity and frequency, up to five, coexistence 
together with the zero intensity trivial state, can be given analytically and their stability is considered in dependence on the 
parameters of an active medium, absorber and the cavity with attraction attention to the role of the detunings of the 
resonant frequencies. 
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Figurel.   Unsaturated   gain   (1)   and   intensity   (2)   vs   time   at 
qa(0y=3.2,db=\, 7(0)=0.48 (a), /(0>1.367 (b), g=0.05, Aac=-0-0\,qt=-2. 

Figure 2. Intensity vs time at q„=32,db=6, 7(0)=0.48 (a), 
7(0)=1.367 (b), g=Q.05,4,c=-0.01,#=-2. 

Figure 1 gives us switching regimes during adiabatic change of pumping qa under the coexistence of three nonzero 
intensity steady states and shows us possibility to have several roads of the intensity and frequency change in the 
dependence on the beginning conditions and switching between some of states. 

Two types of regular sequences of steady pulses with chirped frequency have been found: upper part of figure 2 gives us 
high intensity pulses with frequency of repetition ~ 0.1 MHz and duration of about 10 ps. Below there is sequence of 
sinusoidal pulses with four order less intensity and high frequency of repetition of about 10 MHz with duration of the 
definite pulse of about 10 ns and with chirped frequency of radiationn given in right part. Such regimes can coexist in the 
same LSA and develop in dependence on the beginning conditions. For the same parameters constant intensity light at the 
definite frequency can be found at the other beginning conditions. Conditions for the experimental observation of 
described regimes of LSA operation can fe fulfilled in typical solid state microlaser. 

3. POLARIZATION PROPERTIES OF A LSA 

Solid state lasers with anisotropy and nonlinear change of refractive index both in an active crystals doped with Nd3+ 
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ABSTRACT 

The influence of electromagnetic fields on a DC discharge in a C02:N2:He mixture is studied by means of a Monte 
Carlo simulation. The HF fields polarised in parallel and perpendicular directions to DC are considered. 

Keywords: C02 lasers, DC plasma, HF fields 

1.   INTRODUCTION 

The high frequency (HF) fields may have a pronounced influence on the properties of a direct-current plasma. For 
example, it was observed that the plasma instabilities evolve much faster in a DC discharge when a resonator couples laser 
radiation. The influence of laser radiation on the plasma impedance (optogalvanic effect) has been studied extensively by 
Smith et al. [1,2]. The generation of sound waves due to the interaction of radiation and laser medium was discussed in ref. 
[3,4]. 

In some cases it may be interesting to use the coupled DC and HF fields for excitation of an active medium, e.g. 
the HF field can be used to trigger pulses in a DC discharge. The direct transfer of energy from the coupled electrical fields 
to electrons is studied here by means of a Monte Carlo simulation. The HF fields polarised in parallel and perpendicular 
directions to DC are considered. 

2. MODEL DESCRIPTION 

The simulations are performed using a Monte Carlo (MC) 
algorithm [5], which is a modified version of that described in ref. 6. 
The null collision method is applied (v tot = const), and so, the mean 
free time between collisions is given by the expression t f = - In (R) / 
vtot, where R is a random number. The model is applied to a DC+HF 
discharge in a C02:N2:He mixture. The total collision frequency is 
calculated using cross-sections tabulated by Phelps et al. [7] for 
elastic collisions, ionization as well as rotational, vibrational and 
electronic state excitations. All the collision processes are treated in 
the isotropic approximation, and the scattering angle is given by a 
random number. The energy partition between the primary and 
secondary electrons (after ionization) is random as well. 

The MC algorithm is checked using the results for a DC 
discharge in nitrogen. In the figure the results of the simulation (dots) 
are compared with a standard solution of the Boltzmann equation [8] 
in a 2-term spherical harmonics appr. (solid line). The agreement is 

> 

-j—i—i—i—i—i—i—i—I—I—i—i—I—i—i—r- 
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E/N=4*10"16 V cm2 
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Fig. 1. EEDF in nitrogen plasma calculated using 
  Boltzman equation (line) and MC (dots) 
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satisfactory and the results agree well with the conclusion presented by Braglia et al. [9]. 
The stationary discharge conditions in the bulk plasma are considered. Electrons are accelerated in the coupled DC 

and HF fields, directed parallel or perpendicular to one another. The reduced electric field of a DC discharge is equal to that 
of the DC laser system [8]; E/N = 4.5*10"20 Vm2 and is kept constant for all the considered HF frequencies. The effect of 
increased ionization after the inclusion of the HF field is discussed shortly. 

3.   RESULTS AND DISCUSSION 

Figure 2 presents the effectiveness of energy transfer 
higher than 100 GHz do not participate in energy transfer to 
effects e.g. the inverse bremsstrahlung process, are not 
important). This results from the fact that as long as there 
is no collision (total frequency of electron collisions is in 
the range 10-100 GHz under the considered conditions) 
the electron oscillates in the HF field and does not gain 
any energy from the field. Then, the averaged energy of 
electrons, <u>, is constant - the same as for DC field 
alone. This is illustrated by saturation at high 
frequencies. 

The maximum of the coupling between the HF 
field and electrons exists at frequencies ~ 1 GHz. The 
value <u>max for the parallel field is higher than for the 
perpendicular one because of the vector summation rule. 
The very steep decrease at lower frequencies (in the case 
of the parallel arrangement of the HF field) can be 
related to the fact that the resultant field E falls 
periodically to null in this case. Eventually the averaged 
electron energy reaches saturation at lower frequencies. 
This is the frequency region where the stationary solution 
of the Boltzmann equation may be applied with the so- 
called 'effective field' approximation Eeff = EHF /V2 [10]. 

For the C02 laser medium the more important 
than the electron energy is the vibrational excitation or 

> 

A 

V 

from the HF field to electrons. The fields with frequencies 
electrons of laser plasma (at least as long as the quantum 
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the energy transferred to the vibrational modes, especially to the oscillations of nitrogen molecules. Figure 3 (a) shows the 
energy transferred from the coupled DC+HF fields to the vibrational modes of N2. One sees that the maximum energy 
transferred to the vibrations is only about 10% higher than that corresponding to DC field alone (value 1 in Fig. 3(a)). 

The energy is not transferred to the vibrations very 
efficiently if compared with the pure DC case. This is resem- 
bled by the high frequency region in Fig. 3(b), where electrons 
do not absorb energy from HF. The main reason for this 
behaviour is that the average electron energy <u> is much too 
high. After the HF field is turned-on the ionization rates in the 
DC plasma increase rapidly. The significant increase of 
electron density will result in the fall of DC voltage of the 
current source. Figure 4 presents estimated EDC/N after the HF 
field is turned-on. In this case (current sources) the electron 
energy may be much closer to the optimal one (for the 
vibrational excitation). 

Finally, we have considered the case of discharge 
generated by the HF field alone - Fig.5. Again, in the high 
frequency range, v > 100 GHz, the energy of the HF field is 
poorly absorbed by electrons; average electron energy <u> < 
0.1 eV - Fig.5.(a). One sees that the energy transferred to the 
electrons rapidly increases in the frequency region which is 
close to the total collision frequency i.e. 10 - 100 GHz. At 
lower frequencies <u> does not change with the field 
frequency, significantly. 

The energy transferred to the nitrogen vibration is 
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4. CONCLUSIONS 

It was shown that the HF field at frequencies lower than the total collision frequency of electrons in the plasma 
may significantly increase the electron temperature of the DC discharge. This lead to the increased ionization rates and the 
fall of the DC voltage in the case of a current source. When the DC voltage is constant, then the energy absorbed by 
electrons from the HF field is not transferred to the nitrogen vibrations very efficiently. The electron temperature, <u>, 
becomes too high. 

The presented mechanism may be used to trigger the pulsed operation of DC discharges. In this case the optimal 
HF source should operate in the frequency range, 0.4 < vopt< 4 GHz, with EHF parallel to EDC . The perpendicular 
arrangement is better for the HF sources operating at the frequencies lower than 0.3 GHz. 
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ABSTRACT 

The theoretical investigation and numerical simulation of phase conjugation (PC) at stimulated Brillouin scattering (SBS) 
with feedback is carried out. A case of long pulse PC is considered. At this condition both running and standing phase 
gratings which responsible for the positive feedback are taken to account. The threshold of PC wave generation and PC 
reflectivity are calculated. The numerical solution for temporal behavior of PC intensity is obtained. 

Keywords: Phase conjugation, stimulated Brillouin scattering 

1. INTRODUCTION 
1-3 

Stimulated Brillouin scattering (SBS) is one of the main methods of phase conjugation (PC) of a laser radiation 
However it is implemented in a rather short range of pulse duration which usually not exceeds some hundreds of 
nanoseconds. The common cause of it is in great energy overloads taken place in a scattering medium because of a high 
threshold intensity of radiation at SBS of long pulses, in particular more than 1 us. For attenuation of this factor the high 
degree of clearing of SBS matter calls. Thus the absorption is strongly reduced and by that the consequences of a specific 
(in a unit of volume) energy load raise are relaxed. However on this way there are some technical difficulties. 

Other way of this problem solution consists in reduction of the SBS threshold. Its essential reduction is reached at use 
of the PC geometry with a feedback4,5. Therefore this method of PC represents great practical interest and allow to increase 
duration of conjugated pulses of radiation. 

The method of a feedback arranging proposed and investigated in ref. 4. In this method the parametric feedback is used. 
In other words, the feedback results from scattering on a running phase grating arising at SBS. Such feedback can arise 
only at forward self-interception of a laser beam under a small angle. 

Considered in ref. 4 version of a feedback formation is not unique. Except for running grating the standing phase 
grating arising because of an electrostriction at an interference of light beams of equal frequency can be utilized. 

In the report a capability of realization of PC - mirror at SBS with a feedback forming due to a standing phase grating is 
theoretically considered. 

2. CALCULATIONS AND THETR ANALYSIS 

At shallow angle of the laser beam self-interception the period of a standing phase grating appears rather big6. 
Therefore the time of its build up can considerably exceed pulse duration. At these condition such long spacing grating will 
not play essential role in process of PC at SBS with feedback. However at self-interception of a laser beam under a wide 
angle (backward self-interception) the standing phase grating can be a one of the kind of a feedback building at SBS. 
Therefore further we shall consider this geometry of PC at SBS (see fig. 1.). 

The interaction of waves in this geometry can be considered in terms of nondegenerate four-wave mixing (FWM), at 
which the Stokes waves £2 and £4 are amplified with gain factor g = g'J, where g* is the medium parameter and J is the 
radiation intensity. In noise radiation always there is a weak PC wave £2 (conjugated to probe wave £i). The waves Et and 
£3 interfering and as a result produce a standing phase grating on which the wave E2 according to a Bragg's condition 
effectively scattered and gives rise to a wave £4. By this way the feedback in the geometry of PC wave generation is carried 
out. The necessary gain at this is supplied by the wave £, for the Stokes wave £2 and by the wave £3 for a Stokes wave £4. 

Process of interaction of waves is described by the following set of equations for slowly varying amplitudes of coupled 
waves at the degenerated FWM 
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where /*j is the amplitude of the corresponding waves , X is the wavelength of a laser radiation, 0is the angle of interaction, 
(r)   \ 1 

Y = p —    , ßs = —r-, p is the medium density, v is the sound velocity, n0 is the refractive index, a is the absorption 
{8p)s      ■     pv2 

coefficient of sound. The boundary conditions for geometry of interaction presented in a fig. 1. can be recorded as 
A3U,t) = yfrhA(l>t)' ^O'^^yfih^i1'1)' 4t(°>0 = 4 , where 77, and 772 are the coefficients of attenuation of intensity 

for the corresponding waves, A„ is the amplitude of a noise component of a field, / is the length of interaction. 
It is necessary to mark that in the equations (1) - (4) only the gain of Stokes wave at SBS of single - mode beam (for 

example Gaussian beam) is taken into account (here and further). The multiplier 2 in the first term of right part of this 
equations corrects the mathematical model for the case of SBS of speckle - inhomogeneous beam. 

For a calculation of a generation threshold it is possible to limiting by consideration of the equations (2) - (4). From the 
solution of these equations a threshold requirement is obtained 
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From (5) and (6) it is easily to see, that the threshold of the PC wave generation can be overcome at the sufficiently big 
intensity of Stokes waves. 

The mathematical simulation of the PC wave generation according with the geometry presented in fig. 1 was carried 
out. The equations (1) - (4) were solved numerically. As nonlinear medium the liquid CC14 was used. The following values 
of parameters of medium and interaction were used: /io = 1.45, p= 1.595 g/cm3, Y = 1.35, ßs = 6.01410'" cm s2/g, / = 10 
cm, 6= 179°, resonator length L = 50 cm, A = 1.064 urn. 

In a fig. 2. the calculated dependence of PC intensity on time is shown. In a fig. 3. the dependence of PC reflectivity (on 
energy) on peak pulse intensity of a laser radiation is shown. It is follow from the obtained data that the dependence of the 
PC - mirror reflectivity have a threshold character and PC pulse is more shorter then probe one. These are characteristic 
properties of SBS and of scheme with a feedback in particular. 

It is necessary to note, that the liquid CC14 chosen as nonlinear medium is not best for SBS. Therefore the comparison 
of the surveyed scheme with the classical scheme of PC at SBS in the same liquid may be useful. For CC14 gain parameter 
of a Stokes wave g* = 0.006 cm s / MW 7. So for the SBS (without feedback) in optical waveguide of 10 cm length the 
required threshold intensity of radiation is determined from equality g'U = 20-^25 and J = 400 MW/cm2. It more than on 
the order is more than in a considered case of PC at SBS with a feedback. 
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Further for comparison we shall consider the geometry of PC with a parametric feedback at SBS, offered in ref. 4. This 
method also supposes interpretation in terms of nondegenerate FWM with a feedback if formally to consider a running 
phase grating as amplitude gain grating. 

For the geometry of PC presented in a fig. 4., it is possible to record the following set of equations for slowly varying 
amplitudes of coupled waves which explain process of interaction: 

^'■ = -^2|
24-r,'N24, C7) 

-^=rx\AfA2 +ri'|4|2 A2 -rMAM> <8> 
dz 

dA 
dz 

^- = -ri\A<\2A3-7l\A2\
2A„ (9) 

-^-r\A^ A^y[\4 A,-YX{AU^V (10) 

In a linear approximation, when |4|",|^3| = const, the solution of equations (8) and (10) is obtained and is 

investigated in ref. 4. 
In the terms of nondegenerate FWM the waves E2 and £3 interfering and produce a running phase grating on which the 

wave £i according to a Bragg's condition effectively scattered with Stokes frequency shift and forms a PC wave EA. 
Formally this running phase grating shows itself as a grating on a gain. 

The numerical solution of a set of equations (7) - (10) is found and the threshold of generation is determined. At 
calculation the same parameters as for the previous scheme of PC were utilized. With that the standing phase grating was 
not taken into account because its build up time is much more than for running phase grating and besides this y0<y-i. Both 
schemes of PC differ on a little to threshold values of intensity because the gain at SBS have exponential from of 
dependence on J. 

3. CONCLUSION 

The results of the carried out calculations and their analysis show that the standing phase grating arising due to 
electrostriction at an interference of beams of equal frequency and can be used for building a feedback in the scheme of PC 
wave generation at SBS. Thus, certainly, the conditions of phase matching in region of self-interception of a laser beam, as 
it is usually done at FWM, should be fulfilled. The tuning of the resonator to a resonant frequency is implemented on the 
same way as at use of a running grating for building a feedback4. 

The considered version of a feedback building extends capabilities of a method of PC wave generation at SBS because 
it has essential advantages such as rather short resonator, compactness of the scheme and lack of a stringent restriction on a 
angle of self-interception of a laser beam. 
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Fig. 1. Geometry of PC mirror on SBS with feed - back. 
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Fig. 3. Dependence of PC reflectivity (on energy) on maximum intensity of probe. 

Fig. 4. Geometry of PC - mirror on SBS with a parametric feedback. 
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ABSTRACT 

Considered is recent progress in development AMT GDL - a high power -100 kW CW) C02 highly mobile industrial 
laser of wide application. Substantiated are general composition scheme of AMT GDL and choice of prototype engine 
for power unit of AMT GDL. 

Keywords: C02 laser, gas-dynamic laser, gas-turbine engine. 

1. AMT GDL GENERAL SCHEME CHOICE 

Discussed are three most promising schemes of GDL head, with respect to arrangement of combustion, mixing and 
expansion process. They are: GDL with a set of axially symmetric nozzles, one with separate heating and feeding of 
active medium components to the nozzle (mixing in a supersonic flow) unit and conventional one (homogeneous 
combustion of fuel and its expansion through flat supersonic nozzles). 

Taking into account the whole complex of characteristics we have concluded that the most reasonable is to employ 
classical scheme. Relatively easy-to-manufacture board of axially symmetric nozzles can not provide gas mixture flow 
of satisfactory optical quality. Generator of active gas with mixing in a supersonic flow proves to be of insufficient 
power efficiency and/or gas optical quality. Although under other limitations, not like AMT GDL, such gas generators 
could demonstrate higher specific characteristics. 

2. CHOICE OF POWER UNIT FOR AMT GDL SCHEMATIC OF THE POWER UNIT 

As it is seen from our earlier considerations, for a operation of the laser module rated at 100 kW CW it is necessary to 
have the compressor with an air flow rate ~ 16 kg / s and compression >22-r23 atm. 

The problem is to find the optimal solution ensuring the reasonable cost of power unit, reliability and convenience in 
operation. 
Three possible schematics of power unit. 

• Development and manufacturing specially intended power unit for the above mentioned parameters of the 
compressor. 

• Attachment of a separate air compressor to an aviation engine shaft. 
• Air feeding from high pressure section of airplane engine compressor 
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All these three ways are absolutely technologically feasible. Omitting details, our decision is to employ an airplane 
engine with direct air feeding, after proper finishing works. As our estimations show such approach could be most 
economically reasonable, from one hand and could provide quite sufficient performance of power unit, after 
modification. 

If it is decided to take an air bleed for GDL after a final section of the engine compressor, practically there is no 
necessity redesign the power unit equipping with new aggregates. Moreover, the dismantling from the engine of the free 
running turbine which provides driving the propeller shaft, considerably simplifies a design of the power unit as a whole. 
The engines not only will be used with minimum modification, but also all control systems are kept, including the use of 
the control panel which is taken off from a flight vehicle. Besides, from point of view of the power, dismantling of the 
free running turbine together with nozzle block allows to lower required power of the turbine of system of the 
compressor - free running turbine. 

The decrease of required power of the system implies the possibility to reduce consumption of air and kerosene in the 
combustion chamber of the gas-turbine engine. With constant power rate of the turbine for the drive of the compressor 
and with fixed the compressor flow rate, probably, there exists a possibility to take off a part of the air and to direct it to 
the combustion chamber of gas dynamic laser. At the same time, utilizing the characteristics of the combustion products 
down the main turbine (p, m, T), it is possible to arrange ejection of GDL gases down the supersonic diffuser for 
improvement of the gas dynamic laser overall performance, especially at start. 

3.   CHOICE OF AIRPLANE GAS-TURBINE ENGINE 

Aiming optimal choice of an aviation-engine for this task it is necessary to formulate the initial requirements. 
1. To obtain air pressure in GDL inlet not less than 20 arm and taking into account losses in a flow channel the 
compressor of the engine should provide not less than 22-25 arm. 
2. The GDL inlet air flow rate is to be 16,25 kg /s. 

As for elimination of extreme engine power extraction the air bleeding from the compressor should not exceed 15-18 %, 
the total air flow rate through the engine should be not less than 100 kg /s. 

3. The chosen aviation engine should be of wide use, that enables to utilize engines which are decommissioned from 
flight vehicles, having passed prescribed operational life limit, but still are operable for ground installation. To buy them 
is much cheaper, than to purchase new engines. 
4. It is desirable to make a choice of domestic (Russian made) engines 

Engine HK-12CT HK-14CT HK-143 HK-16CT HK-17 HK-36CT IIC-90A PÄ-33 

Compression 8,8 9,5 9,5 9,68 9,68 23,12 19,6 22,0 

Total air floe 
rate (kg/s) 

56,0 37.1 39,0 102,0 102,0 101,4 56,0 80,0 

After comparison this basic data on the most popular domestic engines one concludes, that most 
reasonable for the laser power unit could fit the engine HK-36CT manufactured by Samara plant 
"Motorostroiter, which satisfies all requirements presented above. It is obvious, this is not the single 
engine, which can be put to use for this task, but in advantage of it would be desirable to note the following. 

The high performance engine HK-36CT of the Samara industrial complex "Motorostroiter," is 
developed in 1990 on the basis of an airplane engine HK-321 and is designed for the drive of the 
centrifugal supercharger of a gas pipeline pumping aggregate. 

The modular design of the engine facilitates transport and assembly. The engine has the remote control panel and record 
of long life ground operation. 
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Other important data of the engine HK-29 is listed below. 

Fuel Kerosene TC-1 
Power, MW 25 
Air flow, kg/s 107,2 
Compressor pressure ratio, Atm 23,12 
Gas temperature, K 1420 
Gas exit temperature, K 698 
Fuel consumption, kg/s 1,434 
Engine weight, with subframes, kg ~ 5000 

Thus, as a result of the fulfilled research work not only the optimistic predictions for possibility of adaptation of the gas- 
turbine engine for mobile GDL complex were obtained, but also engineering design activities on definition of general 
realization of such a module are executed in practice. 

4. CONCLUSIONS 

In conclusion, we would like to emphasize the following. At the present stage of AMT GDL project implementation, 
consideration of possible technical solutions, comparison of basic characteristics of airplane engines and further analysis 
have demonstrated that the chosen engine HK-39CT is an adequate basis for creation of key block - power unit of AMT 
GDL. Development of other necessary units and systems of AMT GDL may be fulfilled in compliance with general 
requirements on mobile industrial laser. 
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I. THE GENERAL APPROACH 

Some important applications of High Power Gas Flow and Chemical Lasers (HPGCL) are aimed to ground level 
operations. HPGCL are understood here as open cycle machines. It means that after the laser cavity their exhaust gases run 
out to the ambient atmosphere. Exhaust gas products after resonator cavity cannot be evacuated directly to atmosphere. The 
atmosphere pressure on the sea level exceeds the cavity pressure by 10 - 20 times for C02 gasdynamic lasers (GDL) and by 
150 - 200 times for chemical oxygen-iodine lasers (COIL). 

Combustion Driven C02 GDL only can operate with- 
out energy additions, using ordinary "passive" diffusers. How- 
ever, and in these cases, the whole HPGCL system scale is de- 
termined, by the diffusers' dimensions. Meanwhile, the ground 
operation of High Power HF/DF-CL and COIL requires already 
"active" Pressure Recovery Systems (PRS): large-scale com- 
plexes, including diffusers and high-energy ejectors. 

Fig.l demonstrates a correlation between scales of the 
HF/DF-chemical laser and it pressure recovery system. Even 
without component supply subsystems (balloons, tanks, pipes, 
accessories, etc.) the scales are non-compared. For COIL the 
difference becomes more significant. Approximate estimates 
confirm also, that the ejecting gas flow rate of ejector stations 
may exceed the laser components' summary gas flow rate by 
many tens times [1]. 

It changes seriously the general estimations the HPGCL effective- 
ness. There are some results of such calculations on Fig. 2. No doubt, that 
specific energetic effectiveness of the HF/DF-CL and COIL with and with- 
out the PRS components is to be very different. 

The HPGCL and PRS have to be considered as indivisible, strictly 
integrated systems. Their combined analysis, aimed to a search of optimal 
technical solutions, has to take into account many links and interactions, ex- 
cept of the additional expenditures of energy and components. 

The present papers contains a review of various technical concepts 
and schematic solutions aimed to practical uses for some real applications, 
meanwhile, physical processes in the diffusers and supersonic ejectors of the 
HPGCL PRS are considered more precisely in the [2,3]. 

H. DIFFUSERS 
Independently on a pressure level into cavities, gas flows of all considered HPGCL are supersonic, therefore, the 

streams' kinetic energy may be applied for the PRS operation. However, this energy, is not enough for direct exhaust of the 
laser gases to ambient atmosphere. Hence, it is necessary providing of an energy addition to the stream with agency of 
ejector and compressor technologies. In spite of some known interest to supersonic mixing ejectors [4], all presented bellow 
data are related to traditional schemes. 

Characteristics of the supersonic laser gas mixture flows after DF and COIL cavities are given in [2]. Parameters of 
the laser flows are close enough, so, at least, from constructive point of view, diffusers for both types of the lasers have to 
be similar. A supersonic flow slowdown process into diffusers' channel is occurred as a result of interactions of oblique 
shock waves, arisen into the stream under it geometric or gasdynamic (boundary layers growth) constriction effects. These 
interactions stimulate a separation of boundary layers from walls and a formation of subsonic ranges with intensive tur- 
bulence in the separation zones. A growth of these ranges along the channel, stimulated by intensive turbulence of the flow, 
leads to capture a core of the flow, transforming it in subsonic state. At this rate it is important to take into account such 
feature of the laser PRS operation, as a heat generation by exhaust laser gas mixtures in diffuser channels [2,5]. 

i 1 PRS 

GDL DF 

Fig. 2 
COIL 
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Boosting nozzle 

The supersonic diffuser's (SD) main parameters: start 
(Ps) and breakaway - unstart - (Pb) pressures, and maximal 
magnitude of pressure recovery after SD - Pmax. In details the 
SD operation and evaluation of SD performances are consid- 
ered in [2, 5]. 

The main feature of diffusers is a strong relationship 
between the diffuser length and minimal Ps [6]. A similarity 
relation for diffuser's flow is a ratio of it length to a special 
diameter [6,7]. The universal criterion that allowed generali- 
zation of experimental results obtained in different kinds of 
rectangular channels was offered in [6,7]. Using this criterion 
it is possible to find out recommendation dividing the SD 
channels - to design multichannel SD - more precisely. This 
approach - multichannel SD - is a main way for SD shortening 
(Fig. 3). 

In spite of similarity of the multichannel SD separate sections, exterior ones 
operate in different conditions. There are the particular intensive growth of the 
boundary layers along external narrow walls and the appearance of separation zone in 
the beginning of SD channel at the moment of start. This negative phenomenon makes 
troubles for the SD starts. Special devices - boosting nozzles, located just on the nar- 
row sides of the exterior channels may aid to this process (Fig.l and 3). 

One-dimensional evaluations of SD performances are a first approximation 
for chemical lasers. The professional design of large-scale PRS requires three- 
dimensional viscous calculations of the non-equilibrium laser media, since of the cav- 
ity output. As example, the flow structure in SD with a central pylon - the picture is 
based on three-dimensional calculations of the Navier-Stokes equations - is shown on 
Fig.4. (Model and details of these calculations are given in [3].) According to one- 
dimensional calculations, it is possible to have SD channel with 20% restriction. 
Meanwhile the data demonstrates that reducing of the restriction to 12% only transfers the flow at a normal mode. 

HI. EJECTORS 
Further increasing of the laser gas pressure may be pro- .—r-*, ■*"-- 

vided by external energy addition. One of the most useful way for rfKSS W 
the laser gas pressure recovery is an ejector. 

The ejecting gas inflow may be realized from channel 
walls as a "peripheral" scheme. Such scheme provides a minimal 
length of the ejector. An additional restriction of ejector mixing 
chamber promotes to raising of jet interaction efficiency [8]. 

As a rule, the peripheral injection applies in low- 
temperature aerodynamic tunnels, because of difficulties in keep- 
ing stable geometric dimensions of the ejector ring nozzles. Nev- 
ertheless, we could resolve this technical problem and build a 
minimal length high-temperature ejector with ring injection of the 
ejecting gas (Fig.5). FiS- 5 

Maximization of the ejection coefficient is considered 
usually as an optimization objective for ejectors and the whole PRS. The rest characteristics: dimensions, mass, applied 
equipment, materials are considered as limitations. The ejector diagrammatic work, determining limitations on duration both 
the separate starts and the whole operation period, is very important characteristic of optimization as well. 

Similarly to supersonic diffusers, on prime of project development, calculations based on one-dimensional inviscid 
theory applying of conservative equations in an integral form are quite sufficiently [9]. Such approach allows finding out 
geometric dimensions, ejecting gas delivery pressure and recommendations on parameters of the gas. 

After that, on the base of three-dimensional Navier-Stokes full equation calculations, real situations for the ejector 
start and it consequent operation, as well as all important work characteristics are determined finally. The most important 
ones are start and unstart pressures of the ejector. A difference between them (so-called "hysteresis") is a common thing for 
gasdynamic devices because of viscous real gas properties. 

Fig.4 
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Applying of the suggested approach for the discussed above PRS of HF/DF-laser, we could reach a compression 
coefficient as much as 14. It allowed realizing one-stage ejector and thanking to this approach, to satisfy very strong gabarit 
limits of the project. We got an acceptable correlation between numerical results and experimental data [2]. 

Since the COIL pressure level is significantly lower then the same characteristics of HF/DF-lasers, a normal opera- 
tion of the COIL ejectors based on ordinary technical schemes, depending on their design details, requires two- and even 
three-stage ejectors for their PRS. Multi-stage ejectors have been realized for the air-dynamic tunnels, however, start and 
checkout of such system remain extremely complicate procedure. Beside ofthat, dimensions of multi-stage ejectors are too 
big for their installation on mobile platforms. 

There is an idea of so-called differential ejector, 
based on principle of critical regime pulling [10]. Some reali- 
zations of this approach - Arkadov's schemes [11,12]- are 
shown on Fig.6. The mixing process is controlled by dimen- 
sions and quantity of slots and arrangement of axisymmetri- 
cal nozzles, supplying the efficiency of mixing of high- 
pressure and low-pressure streams. Such approach allows to 
reach a compression degree as much as 300 (without ejected 
gas flow). 

IV. VAPOR GAS GENERATORS 
The ejector effectiveness depends on high energetic parameters of ejecting gases: pressure and temperature, and 

minimal molecular weight of the gas mixture. Modern combustion driven gas generators on various fuels can provide prac- 
tically unlimited volumes of high temperature gases under high pressure. Usually these parameters about 100 arm and 
2000-2500K. 

Application of liquid components looks as very attractive idea especially for the PRS mass and scale minimization. 
However, some liquid components may be quite toxic, so they may make additional limitations for the whole laser system. 
Therefore, considering possible oxidizer-fuel combinations, it is necessary to take into account their use- and service- 
abilities and safety. There are some results of calculation estimates of dependence's ejection coefficients on fiiel and oxi- 
dizer options (Fig.7). 

Limitations on pressure and temperature depend, first 
of all, on materials of gasdynamic tunnels. Cooling of large- 
scale PRS vast surfaces does not look too reasonable. There- 
fore the ejecting gas temperature is kept usually within 900- 
1000K. Applying the modern aerospace materials, the reliable 
operation of the PRS may be provided within 1300-1400K 
working gas temperatures. It improves the ejecting coefficient 
as much as -20%. Growth of the temperature removes a con- 
densation limit and allows to increase the ejecting gas pres- 
sure and Mach number. The ejecting coefficient may addi- 
tionally growth as much as -30%. The acceptable temperature 
level is regulated by dilution of the combustion products by 
water. It may reduce the mixture's molecular weight aiding to 
growth of the ejection coefficient as well. 

V. GAS TURBINE ENGINES 
At all their own advantages the vapor gas generators needs large consumption of the components, and all of them 

are to be stored beforehand. The save and inexpensive oxidizer - air - has to be stored within heavy high-pressure balloons. 
High-capacity axial compressors of aviation gas turbine engines (AGTE) may turn out to be an exception, sometime. The 
AGTE thank to energy efficiency, high pressure air flow rate characteristics, compactness of all subsystems, can be consid- 
ered as the most powerful and compact sources of energy for PRS. Such PRS may be reasonable for some applications be- 
cause of it autonomy and ejecting mass flow rate in comparison with the PRS gas generators. 

Many possible design schemes of the PRS on AGTE have been considered. A feature of such analysis is necessity 
of continuous comparison between theoretical calculated results and characteristics of real aviation engines, which may be 
really applied. Estimates have been made for HF/DF-laser with gas flow rate about 2-3 kg/s (pressure after SD - 70-80 torr), 
and for COIL with flow rate of 0.3 - 0.4 kg/s (pressure after diffuser - 17-20 torr). Bellow there is presented some opera- 
tion-integrated variants only from a number of discussed and investigated technical solutions. 

/. The laser gas with (or without) an ejecting backup on the diffuser outlet is pumped by the AGTE cycle compres- 
sor (Fig.8). 

Air(T=293K)      Air(T=700K)      Nitrous oxide 

Fig.7 
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IX E 

HF/DF-lasers -This variant of the PRS is most advantageous from 
viewpoint of it reliability and fastest development rate as well as maintain- and 
usability. The same time such conversion is being made without changing of main 
subsystems and parts of the AGTE: starting, fuel feed, oil ones. Dependence of 
the required pressure recovery level on air effective flow rate through some real 
AGTE's compressors is presented in Fig. 9. The only RD-3651 engine meets such 

practical requirement for it effective flow rate level, while it compression is less then necessary. In this case the required 
combination of the air effective flow rate (G) and compression level (Pk) may be provided with two R-35 AGTEs array 
(Fig.9). Such scheme cannot provide suitable conditions for COIL operation. 

//. Pumping of the gases with water addition for a temperature reduction 
(Fig. 10) is realized by a separate installed an axial (or radial) flow compressor of 
an aviation engine, driven by a powerful turbine of another turboshaft engine. 

HF/DF-lasers - The laser gas initial temperature is too high while it 
pressure is very low, therefore, the gas is to be very diluted by ambient air addi- 
tion into a preliminary ejector section before the post-compression. The signifi- 
cant dilution of the input gas to tolerance temperature leads to big flow rate of the 
mixture incoming to the compressor. Therefore, realization of such schemes re- 
quests large discharge compressors with higher compression ratio (as much as 4 - 
6) and, accordingly, extremely powerful turboshaft drive. 

A chance to select a reasonable combination of existing compressors and 
AGTEs which might satisfy of all above listed requirements, is too small. Mean- 
while, modernization of the machines for the considered tasks looks very compli- 
cated and expensive. An alternative way for such scheme realization is the pre- 
liminary reduction of laser gas temperature by water injection into the gas jet. 

The D-136 stock GTE of V-26 helicopters may be considered as a possi- 
ble driven for compressor as well as gas turbine drives of D-336 and AI-336-8 
AGTE. Unfortunately for COIL these technical solutions remain still 
unacceptable. 

///. Pumping of the laser gas with an ejector, where the ejecting gas is 
generated by AGTE. Two technical schemes look the most attractive: 
a) - application of two R-35 AGTEs (Fig. 11); 
b) -application of two RD-33 AGTEs or one R-35 with water injection into the 
after burner (Fig. 12). 

HF/DF-lasers - In results of preliminary calculations, division of the 
summary gas flow rate as 12,5% of this flow coming to a first stage of the double 
stage ejector, while the rest flow rate of 87,5% running through the ejector's sec- 
ond stage. The best result of two AGTEs application without kerosene afterburn- 
ing and water injection is presented on the Table. The output pressure after the 

PRS may reach 1,173-10^ Pa, providing reliable exhaust of the laser gases. 
Results of calculations of double stage compressors with additional af- 

terburning of kerosene (in tables-Af-b) and water addition (in tables-W) are pre- 
sented in the Table as well. 

COIL - Two-stage ejector variant turned out to be fitted for the consid- 
ered COIL PRS. The ejecting gases are: compressor bleed air of the AGTE RD-33 
(powering MiG-29 fighters) - for the first stage, and exhaust gases of the same 
engine -for the second stage. Such PRS technical scheme can provide the re- 

quired pressure on an outlet of two-stage ejectors for input laser gas pressure as 0,0293 105 Pa. The similar result may be 
obtained using one AGTE R-35 type. 

Table: 

£ ̂ 3 'i ZJ -u c 
Fig. 10 

A. jQ: 

^7 OJ 
T 

MpuraMMH 

Fig. 11 

/v  
r^—^ 

)OJ 
1^ 3 

Fig. 12 

Characteristic 2R-35 2(RD-33+Af-b +W) R-35 + Af-b+W 
First stage total input pressure of ejecting gas, Pa 3,53-105 2,94105 3,53-105 

First stage total output pressure of gas mixture, Pa 0,389105 0,387105 0,375-105 

Second stage total output pressure of gas mixture, Pa 1,173105 1,107-105 1,047-105 
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V. ADDITIONAL SUBSYSTEMS 
Ejector systems are extremely powerful noise sources. It may make some problems for use of the HPGCL in real 

operational situations. There are two approaches for noise reduction: 
1) stationary variants of the exhaust system silencer, intended for laboratory and/or experimental test facilities; 
2) untethered variants of such a system, installed on a mobile vehicle. 
The main requirement to silencers is reduction of the PRS exhaust jets to sanitary codes for the terrain. The level of 

noise reduction is about 30 - 40dB for stationary systems, and 15 - 20dB for mobile ones. Both systems have to foresee 
possibilities for deactivation (neutralization) of some toxic species (HF/DF, HF, iodine, etc.). As a rule a summary mass 
proportion of these species into the exhaust gases does not exceed ~ 1% of the whole gas flow rate. 

The reduction of noise level for stationary is obtained by a «passive» way: coating of flow-through parts with 
«sound-absorbing» panels, cooling most heated surfaces of the panels with ambient air inflow. However, such approach 
does not allow simultaneous injection of water into the flow. A noise protection efficiency of the panels may be seriously 
impaired because of the cooling water condensation on these surfaces. So the stationary system is developed similarly to an 
"additional gas ejectors". The ejector flow-through parts are covered by the sound absorbing panels with minimal hydraulic 
resistance. Such approach is absolutely unacceptable for mobile systems, it leads to serious growth of the PRS dimensions 
and weight. In this case an " active" approach based just on water injection into the flow may be more reasonable. 

VI. CONCLUSION 
In the present paper we intentionally do not touch one effective pressure recovery technology with agency of vapor 

ejector stations. This effective approach has been realized successfully in the USA for the ALFA HF-chemical laser test 
facility. Many published information [13] have described at great all technical details of this powerful PRS. In our turn we 
wanted to mention about some alternative ways which as well may turn out to be reasonable for some smaller, less powerful 
laser projects. One main result of the analysis is confirmation of real possibility to build the ground based HPGCL systems 
with application of known technologies, and today's equipment. 

Aviation gas-turbine engines may be an effective base for the HPGCL operating in atmosphere meeting real civil 
industrial demands for such a kind of laser radiation. Mostly real practical tasks, like industrial applications for large-scale 
emergency operations, meteorological, environment protection, including the space debris cleaning require, at least, hours 
per day as a normal operational time. In this case the AGTE PRS only can provide reasonable effectiveness for the HPGCL. 
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ABSTRACT 

The method of estimation of C„2 of laser mixture turbulent flow is proposed based on experimental dependencies of amplitude 
of gas pulsation on spatial pulsation scale. The connection between degree of nonequilibrium and Cn

2 magnitude is shown. The 
boundaries of inertial and viscosity ranges are determined. The estimation of C„2 is within (3... 14)-1015 cm ~m as dependence 
of gas- discharge current. 

1. INTRODUCTION 

The deterioration1 of output beam of high-power gas laser due to turbulent pulsation of active medium flow impels us consider 
the particularities of nonequilibrium turbulent gas flow. The progress of high-power gas laser technique leads to reducing the 
influence of other factors of deterioration of laser beam 2' 3 such as mode coupling or resonator axis vibration. But the 
turbulence pulsations are fundamental factor of decreasing of optical quality of laser beam. Why the turbulence is involved? 
In gas laser the energy of input source comes to (and stores on) upper energy levels of molecules and partially transfers to the 
coherent radiation. Remaining energy transfers to heat moving. The heat removing from active volume by convection is the 
principal scheme of high-power gas lasers4. As well the turbulence of flow allows to intensify the convection, because, on one 
side, the nonequilibrium energy temporally stores in whirlwind movements, on other side, these movements accelerate the 
viscose dissipation5. Moreover, to increase the laser power one needs to increase gas velocity, gas pressure and beam aperture. 
As a product of these parameters the Reynolds number has to increase. Another extensive method of enhancing the output 
power is to increase the active medium length, i.e. the length of turbulent intracavity trace. The intensive factor, i.e. to increase 
the specific input power, as shown below is the same way. We worked out this problem: the enhancement of turbulent 
pulsation of gas density in the condition of self-sustained gas discharge6. It is also be mentioned the turbulence flow could 
stabilize the gas discharge uniformity7. 

2. THEORETICAL BACKGROUND AND DIAGNOSTICS METHOD 

As we studied earlier, the self-sustained discharge in FAF C02 laser is exist under fulfilment condition8. The discharge is a 
rather thin nonuniformly illuminating streamer. At the regime of quasi-stationary state the radial distribution of electron density 
of electro-negative discharge plasma between two nearby cross-sections of glow discharge may be written 

-riir^+D^dJt) +TT^ -Ö^*ß-K = °'        PS "P-(1+2"X) (l) 

where ne0 is the stationary concentration of electrons, ri is the concentration of negative electrons, kion is the constant of 
ionization rate, £,' a£,+ (\+2n~ / \r./ is the coefficient of electron ambipolar diffusion, ßrct is the coefficient of electron-ion 

recombination, £»7- «0.09 -v-d,b is the coefficient of turbulent diffusion, T, Te are gas and electron temperatures, v is the gas 
flow velocity, dtb is the tube diameter, rdis is the discharge channel radius. 
The effect of enhancement of turbulent pulsation in condition of sustained gas discharge is shown schematically on Fig. 1A. 
For case of RF discharge (Fig. IB) the threshold of plasma instabilities is higher, and the enhancement of turbulent pulsations 
would be based on temperature relationship of kinetics constants, but this question is not investigated. Nevertheless, the 
threshold of enhancement due to nonequilibrium energy input could be estimated as: yx~l, where y-instability rate, T- time of 
dissipation or removing. 
The use of the luminescent method is based on the fact that the local value of glow intensity of discharge plasma in the visible 
spectrum is proportional to molecule and electron concentrations9, i.e. pe = fte + N , where N is the concentration of neutral 

molecules, pc is the integrated emissivity of optically thin plasma, that is total for the lines of discharge visible glow, the sign 

"-'" is used for relative fluctuation of the parameter: 7 = 8///. The balance equation (1) gives the relationship for particle 
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density pulsation in near-stationary condition: nez-£N, £ = £,,,„ -^^...lO, k, -      rpifp. ' ^ 

i.e. gas pulsation is accompanied by more intense relative pulsation of electron density and, respectively, by relative pulsation 
of pB B%-(l-l/£)*ne. It is obtained that glow fluctuations are related to density fluctuations in the following way: 
ps = R ■ (l - £)• Thus, the registration of luminescent glow relative fluctuations permits even weaker pulsation of gas density to 

be determined. 
3. EXPERIMENTAL SETUP 

We used in the experiments a pilot model of the fast-axial flow C02 laser TLA-600 with output power 600 W, designed at the 
ILIT RAS. The set-up have 4 gas- discharge tube (GDT). The turbulizer on entrance of GDT is used to enhance the 
stabilization of gas discharge. Also the discharge current of each GDT is stabilized by electronic block with feedback. The 
maximum specific input power with relatively uniform discharge and acceptable laser efficiency is near 16 Wt/cm3. Down 
stream from the entrance of GDT the gas fluorescences at the glow discharge. The temporal behaviour of local integral 
luminescence is measured as shown on Fig.2. 

4. EXPERIMENTAL RESULTS 

In the case spectral density of pulsation energy S(k) has been measured, the squared value of velocity pulsation U2 (~to kinetic 

energy of turbulence whirlwinds) at the scale k~l/l and at shorter scales can be evaluated as §S(k)dk 10. The physical values 

are founded from the experimental data based on the relationships: N = -yM2U - T, #2 ~ V2 ~ \E(k)dk ~ \E(<a)d(0,   (3) 

where y is the adiabatic index, M0 is the Mach number, v is the flow velocity, E(w) is the spectral density of luminescent glow 
fluctuations, averaged by several observations. The experimental results obtained by this method are illustrated in Fig. 3 as 
dependences of relative root-mean-square gas density pulsation on the size of turbulent fluctuations. The specific electric 
energy input into discharge is a parameter. The lower figure presents the data obtained in the absence of laser radiation (the 
resonator is misadjusted). The upper figure illustrates the case when laser radiation is present. Firstly, there is the influence of 
gas discharge on amplitude of turbulent pulsations. Secondly, the influence of gas discharge has a threshold nature. Thirdly, 
laser radiation lowers this threshold. 

5. DISCUSSION 

The obtained results (Fig.3) allow an estimation of the structure constant to be made. The C„2 value is conventionally 
calculated relying upon the results obtained for the ideal case of turbulent flow when homogeneity and isotropy of velocity 
pulsation exist not only at small scales, but generally at all scales. Such motion would be damped with time. In this case the 

structure function B„. (BiJ=(\v2j-Vy\-\v2J-V1J
]\), the angular brackets here and further denote averaging by many 

observations) is presented by: Bn = f(5vr
2, r «l0, v is kinematics viscosity; B„ = 2CX (sr)2/3 = Cyr2'3, l0<r<L; (5) 

C;  is Kholmogorov constant10, the empiric evaluation C7 =1.6±0.06. The amplitude of phase incursion fluctuation can be 

determined by calculating its dispersion value11: Ds(r) = 2.92C* -^   Lr5n, {lo, -JXL}<r<L, L is the path length, (6) 

X is radiation wavelength, r is the distance between the beams. In this case, the evaluation of C„2 given by Fig. 4A is based on 
/ \ 2 / \ 2 

.,2'       /SM\ 2/3 2/0JV\ 2/3    ,-.      ,.Ar/Ar ^.,n-5 the experimental data (Fig. 3B):     C„2 = ( — ) r~2'3 = T2l — j r~2'3, T =jCDN/Nmm «3-10°, ««1 is the refraction index; (7) 

yGD is the Gladstone-Deule constant. It is obvious that the typical value C2 »(3...12)-10-15 CM
213

 is dependent on discharge 
energy. For comparison, the most probable value of Cn

2 for atmospheric paths varies15 within (10"16.. .10"
18

)-CTK ~2li at the height 
of 3 to 15 km. The evaluation of r-m-s estimation of phase incursion difference at r=10 mm, X=l m, X =0.63 pan for the highest 
value of Cn  used in the experiment follows from (6): (8q>) = -JD^ «0.2 pad. (8) 
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Fig. 4B presents the <5n>2r'2 value. The maximum of this value corresponds to the boundary l0 of the viscosity and inertia 
intervals. The peculiarities of dissipation processes in the viscosity interval cause the dependences illustrated by Fig. 4C. The 
value <8n>2r"3 is calculated here at different scales of r. It is supposed that in the case when W<$ Wt/cm2 in the presence of 
laser generation (and W<\2 Wt/cm2 in the absence of it) and when the gas flow is not disturbed by heat releasing, as follows 
from Fig. 4, the dependence of the structure function in the viscosity interval increases as r2. As energy input grows, the upper 
boundary of viscosity interval shifts to higher values (Fig. 4B), and at the scale of r<l0 it varies as r3. 
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A) An example of the physical mechanism of thermal 
nonuniformities enhancement for the case of gas discharge 
energy input. 

5N<0  SN>0 

ng -electron density; 
N, T, P-gas density, temperature, pressure; 
E-strength of electric field; k, -ionizaäon coefficient; 
7-electric current density; ^-V-T relaxation rate coefficient. 

B) An example of the relaxation mechanism of thermal 
nonuniformities enhancement for the case of turbulent 
nonequilibrium medium. 
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Fig. 1 The enhancement of turbulent fluctuations of gas 
refraction due to thermal instabilities of a nonuniform 
medium, induced by a non-thermal external energy input. 

Data Acquisition 
System 

r!>.yä   Diode 
0.4-0.9>im 

Fig.2 The scheme of experimental set-up 
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ABSTRACT 

Technical parameters of powerful gas flow laser are substantially determined by pressure recovery systems (PRS). 
The computational simulation is the important tool for the design and improvement of PRS. Some features are reviewed and 
some results are shown concerning the computational simulation of PRS. 

I. Pressure recovery systems of HF/DF lasers 

A) Supersonic diffuser: 

Gas flows in supersonic diffuser and ejector have a number of essential particularities as contrasted to conventional 
PRS of supersonic wind tunnels. Principal reasons of these particularities are: low Reynolds numbers, physical features of 
laser mediums and physicochemical non-equilibrium. 

The Reynolds number in diffusers of HF/DF- 
lasers is of 1-2 order lower, than in diffusers of supersonic 
wind tunnels and GDL. As a consequence, three- 
dimensional boundary flows make essential displacing 
effect on a supersonic flow of laser medium. Non- 
equilibrium processes taking place in the medium 
(recombination of atomic hydrogen mainly) are the reason 
for some heat production, that, in turn, causes extra losses 
of total pressure in addition to usual shock losses. 
Operational mode with increased pressure in the resonator 
cavity (15-20 torr) is optimal for high power ground-based 
lasers from a point of view of weight-size optimization. On 
such increased pressure level non-equilibrium processes 
have time to be completed before entry of the medium into supersonic diffuser. Therefore when we investigate diffuser 
flows of such lasers there is no necessity to take into account the heat production in the medium. (Note, that the optimal 
operational mode for space-born lasers corresponds to essentially lower cavity pressure: 3-5 torr. In this case considerable 
heat release takes place in diffusers of ground-level test facility causing reduction of recovered pressure.) So, physical phe 
nomena taking place in diffusers of high power ground-based 
HF/DF lasers are described by classical gas dynamics of non- 
reacting mediums. 

Computational simulation of flows in diffusers of such 
lasers based on non-stationary three-dimensional Navier- 
Stokes equations (3D NS) with appropriate turbulence . 
model allows to describe in details flow patterns of 3D ( 
turbulent boundary flows on walls of channels. We use 
software CFDD (Computational Fluid Dynamics Desktop) and 
VICON (Viscous Computations based on Navier-Stokes 
equations). Splitting by physical processes and original implicit 
method for viscous terms allows applying modern high- 
resolution schemes (like ENO) for viscous flows [3]. This .4 0 4 
method is monotonic and stable, like usual high-resolution                                                    x/D 

0.2 

Fig. 2 

 Driscoll 

 Experiment 

 PexUP0'=0.61 
 Pext/P0'=0.67 
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scheme for non-viscous flow. Block-regular grids provide high efficiency 
for not too complex geometry. The model based on Lennard-Jones 
potential and Wilke formula are used for molecular viscosity. The 
turbulence is described by differential two-parametric k-co model by 
Menter [4]. 

The start processes and stationary flow in the diffuser of the 
laboratory HF/DF-laser are investigated. Geometry of computational 
domain and overall design of grid are shown in Fig. 1. The channel of 
diffuser is of rectangular cross section. Two X-shaped vanes provide 
appropriate constriction. The subsonic part of a diffuser is made with 
transformation to round cross-section. Longitudinal profile of the resonator 
cavity is simulated by the equivalent Ma=2 nozzle. Symmetry allows 
selecting V* of cross-section. Matching condition of the diffuser and ejector 

is the following: the recovered pressure of diffuser and suction pressure of 
ejector should be equal. The suction pressure of ejector was simulated by 
backpressure in reservoir, attached to an exit of the diffuser. 

The profiles of pressure along the diffuser for different 
magnitudes of backpressure are shown in a fig. 2. For comparison the 
experimentally measured profiles [1,2] and also profiles in diffuser 
without constriction [5] are shown. 

The flow pattern in the diffuser is shown in fig. 3. The pseudo- 

shock structure in supersonic diffuser of the HF/DF-laser essentially differs 
from the corresponding pattern observed in GDL or wind tunnel diffusers. 
This flow has tendency to formation of compact shock-wave pattern 
followed by an intensive three-dimensional separation. This effect should 
be taken into account at the selection of geometrical constriction, manner 
of sectioning of diffuser and its length. 

b) Ejector: 

Fig. 3 

Mach number field near the «upper wall» 

iV., --»--- ufc 

"U\\\ 
" i v \ \ \ N. "  '  " 

Velocity field 

The ejector of the ground based HF/DF-laser should have 
compression ratio of about 13...15. Preliminary estimations of ejector 
parameters made on the base of integral conservation laws do not give any 
information on length of mixing chamber. The length should be sufficient 
for completion of mixing. At the same time too high length of mixing 
chamber leads to unnecessary increasing of overall length of PRS. 

Optimal length of mixing chamber depends on the design of the 
ejector nozzle bank. As a basic variant the peripheral circular nozzle is 
selected. The axisymmetrical geometry of the ejector makes it possible to 
carry out parametric computational experiment on the basis of two- 
dimensional Navier-Stokes equations. So, we can select the length of mixing chamber by the optimization of start-up pres- 
sure and throttling characteristic of the ejector. 

The example stationary flow pattern after reaching of maximal vacuum is shown in fig. 4. The supersonic flow is 
decelerated in narrowed mixing chamber and reaches the throat at transonic parameters. The separation and all gas dynamic 
phenomena related to pseudo-shock accompany this flow. The flow in diverging part of mixing chamber is non-stationary. 
The self-induced oscillations of surging type can take place sometimes. 

Parameters of stationary flow calculated for the series of ejection coefficient n=GpasSjVe/Gactive allows building throt- 
tling characteristics of ejector necessary for 

ti  " ^WIMflMS^.^i^W^MBh»^    ^jLA^L^^umu..' .■■"^_J ■ ~    ~~ j   the accurate matching of the ejector and the ^^^m^^-'"'      " ; 

diffuser. The set of calculated throttling 
characteristics is shown in the fig. 5. 

Fig. 4 
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II. COIL diffuser 

Chemical processes in COIL mediums at flow in diffuser causes heat production, in turn owing to additional losses 
of total pressure. This effect can cause impossibility of diffuser start. Vice versa, the matching of the diffuser profile with 
kinetics of heat production allows to minimize losses and to increase recovered pressure. The analysis of chemical and gas- 
dynamic processes in COIL nozzle channel and resonator is carried     10o T 

out on the base of one-dimensional gas dynamic model. Analysis of 
such kind makes possible estimation of gas-dynamic and chemical 
parameters of laser gas at the inlet of supersonic diffuser. The 
active medium within the frame of a described model is formed 
instantly, and the amplification begins to fall down at once. 
However the effect of gas-dynamic cooling leads to positive 
influence on an amplification magnitude in supercritical area of       ■= 
nozzle. The analysis shows that it is necessary to take into account a 
dependence of reactions velocities on temperature and it is possible to 
not take into account suppression on the walls. 

Some results of such one-dimensional analysis are shown on 
Fig. 6. Pressure and temperature profiles show the essential influence 
of non-equilibrium heat production on gas dynamic features. 

The next step is two-dimensional analysis. The most consistent way is to use Navier-Stokes equations and some 
appropriate kinetic scheme. But before this it seems useful to carry out more simple analysis within the framework of phe- 
nomenological half-empirical models of heat production. 

The two-dimensional supersonic flow is considered in a channel of gas, which have nonequilibrium excited oscil 
latory-electronic modes. In N-S equations the full internal energy of gas is represented as the sum: 

Where Et - energy of translational moving of molecules and Eev - energy of oscillatory-electronic modes. Thus, 
there are two temperatures T, and Tev, so temperature Tt is 
evaluated as 

11   l(.kint   bev/. 

The temporary variation of oscillatory-electronic energy 
are described by a relaxation equation of a kind: 

0.001 0.010 

n=G2/G1 

0.100 

dEev _Eev(Tt)-Eev(Tev) 

dt 
(1) 

Two simplifying assumptions are entered: 
1. The equilibrium oscillatory-electronic energy is constant in the 

entire channel: 

Eev(Tt)=EIv = const 

2. The relaxation time is represented in Landau-Teller form: 
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with A and Th as parameters. So, equation (1) can be written in the 
form: 
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where 

f = ^evUevj    key 

\p ev V^ev j ~ E ev /ini 

The lower index "init" concerns to an inlet of the channel, so f=l on an inlet. The example result of analysis is 
shown on Fig. 7. 

HI. Conclusion 

The computational experiment allows considering all particularities of non-stationary start processes in high com- 
pression ejector and supersonic diffuser characteristic for HF/DF and COIL pressure recovery system. The starting pressure 
of ejector, start time and compression ratio depend on constriction of mixing chamber and its longitudinal profile. This pro- 
file is selected on the basis of numerical simulation. For the ensuring of the successful diffuser start the time of this process 
should be matched with time of transformation of flow within the mixing chamber of ejector. 

The modern techniques of computational simulation let us to understand complex nature of flows in PRS and allow 
reducing expenditures to experimental improvement of such complex systems, as PRS of HPCL. 

Fig. 7. Mach number field in COIL diffuser 
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Industrial lasers of power up to 10 kW with high quality of radiation 
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ABSTRACT 

In activity the device of the high-power electrodigit laser with optical system and the problem of pressure 
losses upon gas motion along a closed circuit containing channels in which heat is supplied to and removed from the 
gas is studied. The object where the pressure losses are studied is a C02 laser with a crossflow. 

Keywords: laser, gas flow, pressure loss distribution, gas velocity, radiation power, resonator. 

1.   INTRODUCTION 

With increasing power of electric-discharge lasers with a closed cycle of the flow, the role of the gas-dynamic 
circuit and optical system with high quality of radiation becomes more important. The gas-dynamic circuit of a 
powerful continuous-wave C02 laser with a crossflow and transverse discharge resembles a subsonic wind tunnel with 
a closed circuit but differs from the latter by configuration of the gas-discharge chamber wherein the electric energy is 
converted to radiation and thermal energy. 

There are different approaches to designing the gas-dynamic circuit of the laser, and the choice of its schemes is 
based on contradictory criteria. The circuit has either a large specific volume (3 m3 per 1 kW of generated power) and 
a low specific power for sustaining gas circulation over the closed circuit (1 kW per 1 kW) or a high (up to 2 kW per 1 
kW) specific power and a comparatively small (1 ■*■ 1.5 m3/kW) specific volume [1-3]. Various approaches, which are 
often incompatible, are proposed to choose the pumping tools that ensure gas circulation over a closed circuit and 
aerodynamic schemes of gas-discharge channels wherein the pumping of the laser mixture of gases is performed. The 
results of papers devoted to the problem of calculation of pressure losses upon nonisothermal gas flow are 
contradictory. 

There is a problem of high quality of output beam in high power C02 lasers. The requirement of high beam 
quality is in contradiction with requirements of high mode volume and high extraction efficiency. A variety if 
resonator schemes are used to overcome this tradeoff. As it has been shown in our prior works [4], self filtering 
unstable resonator (SPUR) [5] provides a high beam quality (close to TEMoo mode one) in high power C02 lasers with 
several times larger mode volume as compared to TEMoo mode of stable resonator. 

In the present paper we study the self filtering unstable resonator (SFUR) with high quality of radiation with a 
level of power up to 10 kw and the problem of pressure losses upon circulation of a subsonic gas flow over the circuit 
of a device with a closed cycle, which contains channels wherein heat is supplied to and removed from the gas. The 
pressure losses are studied in a C02 laser with a crossflow. 

The pressure losses are understood as the total pressure losses, which determine the power necessary for gas 
pumping. Nonisothermal motion is understood as a gas flow under conditions of changing stagnation temperature of 
the flow due to heat addition or removal. The effect of nonisothermality on pressure losses should be understood as the 
account of additional losses for gas acceleration upon heat addition (removal). 

2. THERMOHYDRODYNAMICS OF A LASER WITH A CLOSED CYCLE OF THE FLOW 

One of the possible configurations of the gas-dynamic laser circuit is shown in Fig.l. The velocity vector (is 
shown by arrows) of the flow in the gas-discharge chamber is directed perpendicular to the propagation of the laser 
beam and the discharge current, which decreases the Mach number necessary for changing the gas in the chamber. The 
flow velocity at the forefront of the gas-discharge channel is usually less than 60—70 m/sec [1-3]. 
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Fig. 1. The scheme of the experimental installation: 
1 - lattice, 2 - anode, 3 cathodes, 4 heat exchangers, 5 - fan, 6 - diffuser, 7 thermometers, 8 - sensors of pressure. 

To verify the calculation results [6] we measured the difference in the total pressures P on a "load" containing 

channels wherein the heat is added and removed, for a constant fan capacity pV, in two regimes: with heat addition 
and without it. This load in the gas-dynamic circuit of the laser is the section between the gas-discharge channel 
entrance and the heat-exchanger exit. Heat addition was ensured by a glow discharge.   The discharge power was 

sufficient for the total pressure losses in the gas-discharge channel to be (0.2 - 0.4) p0V0. Good homogeneity of the 

flow upstream of the gas-discharge channel entrance and a significant difference in cross-sectional areas upstream of 
the gas-discharge channel and behind the heat exchanger ensured correct measurements. 

The experiments were conducted in the gas-dynamic circuit of the laser described in [3,4,6]. The layout of the 
experimental setup is shown in Fig. 1. The cross section of the gas path from the region ahead of the gas-discharge 
channel to the heat-exchanger exit and other elements of the circuit are shown conventionally (not to scale). The path 
width is 0.93 m. Grid 1, a gas-discharge channel containing anode 2 and cathode 3, and heat exchanger 4 are 
consecutively placed along the gas flow. The gap between the anode surface and the channel wall is 0.1 m. The 
characteristic length of the anode in the streamwise direction is 0.12 m. A cylindrical cathode 0.016~m in diameter is 
placed at a distance of 0.065 m from the anode. In the crossflow direction, the cathode and anode have a length of 
0.86~m. The heat exchanger, 0.28~m high, is connected with the gas-discharge channel by a stepwise diffuser. A 
smooth expansion section begins immediately after the anode, the expansion angle is 12°, and the degree of expansion 
is 2. The section from the grid to the anode is constricting, and the degree of constriction is 2. The profile of the 
section was chosen so that the flows behind the anode were mainly nonseparated or separated depending on test 
conditions. Behind the heat exchanger, there was fan 5 with diffuser 6 at the exit. Thermometers 7 were located behind 
the heat exchanger and the fan. Probes of static and total pressure 8 were located in flow cross sections where physical 
conditions allowed it. 

The discharge was ignited in the airflow at a pressure of 10.3 and 16 hPa or in a mixture of C02 and air with a 
ratio (2.66-13.3) hPa and (2.66-16) hPa. The gas-flow velocity at the forefront of the gas-discharge channel was 
(60-70) m/sec. The velocity non-uniformity over the channel cross section did not exceed 3%. The calculated 

pressure losses in the heat exchanger were about 0.6p0U0   in the regime without the discharge and less than 

l.lp0Uo Wlth the discharge. A variant of calculation of the heat exchanger is shown below. The calculated values of 

pressure losses at the section between the aft front of the discharge and the heat-exchanger entrance were about 

0.2 P0VQ 12 . The error in determining the value of P was less than 0.1 pQV0 /2 . 

Primary attention was paid to the measurement of the difference in total pressures P on the load using pressure 
probes mounted upstream of the gas-discharge channel and directly behind the heat exchanger (Fig.l). The fan 
capacity was controlled by total and static pressure probes located upstream of the gas-discharge channel. The increase 
in temperature ensured by the fan allowed us also to control the change in flow regimes at different sections of the 
circuit. For example, if the height of the heat exchanger was reduced by one quarter, the temperature produced by the 
fan increased by a factor of 1.4. Total and static pressure probes mounted at various points of the circuit performed 
additional control of the gas-flow regimes. 

For the case of a nonseparated flow in the diffuser behind the gas-discharge channel, the experiments gave the 
following results. 
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1. The dynamic pressure at the forefront of the gas-discharge channel was  PQVQ   2 ~ p0 -2.5-10 2, which 

corresponds to a mean velocity of the gas Do = 65 m/sec. 
2. The fan increased the gas temperature by the same value regardless of the pressure, for example, by 13.6°C for 

air. 
3. The fan capacity in both regimes (with and without the discharge) was constant. 
4. The difference in temperature between the gas exhausting from the heat exchanger and the water entering the 

heat exchanger was not greater than 12-13°C. 
5. In both regimes (with and without the discharge), the pressure losses on the load pxy were roughly equal to 

0.9p0u0
2. 

It should be noted that the experiments with air and laser mixtures gave identical results. From the experiment 
and thermodynamic calculation, we can conclude that nonisothermal processes do not introduce additional pressure 
losses for maintaining gas circulation over the circuit. 

The absence of the effect of nonisothermality does not mean that heat addition should not be accompanied by an 
increase in pressure losses. Heat addition increases the mean temperature of the gas, hence, the physical parameters of 
the flow change, which should lead to an increase in pressure losses, for example, for overcoming the friction forces in 
the heat exchanger. The calculation of the heat exchanger is explained below. It was expected that heat addition would 

give an increase in pressure losses by (0.3-0.5)p0U0 . An unexpected result of these experiments was that heat 

addition was not accompanied by an increase in pressure losses. 
A set of experiments on gas-flow visualization was conducted. It was performed using light filaments attached to 

the surface of the lower wall of the diffuser and the anode surface in a staggered order. The glowing of the anode 
surface was inhomogeneous. It clearly reflected the flow pattern near the surface. The discharge glowing on the 
cathode surface was visually homogeneous. 

The results of these experiments allowed the following conclusions. The flow in the diffuser behind the anode is 
three-dimensional. There are vortex regions on the diffuser walls. The vortices rotate in the plane of the wall and are 
located symmetrically relative to the side walls. A typical size of the vortices is 0.03-0.07m. The area of the surface 
occupied by the vortex increases with decreasing velocity and pressure of the gas. When the discharge is ignited, the 
flow is reconstructed: it becomes more stable, the regions with separated flows become smaller, and large vortices are 
split into smaller ones. 

Depending on the path configuration ahead of the anode (stepwise entrance, constriction, straightening section, 
etc.), flow reconstruction occurred; in particular, globally separated flows were observed. In each experiment with air 
or laser mixtures of gases, the discharge reconstructed the flow pattern, but the value of pxy in both regimes (with and 
without the discharge) was identical. The reconstruction of flow regimes may be responsible for the fact that heat 
addition is not accompanied by an increase in pressure losses on the load. 

3.   RESONATOR 

D 

Fig. 2. The scheme of the unstable resonator (SFUR). 
• output mirror, 2,4 - spherical mirror, 3,5 - plane mirrors, 5 - output window, 6 - radiation structure. 
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The self filtering unstable resonator (SPUR) scheme (fig. 2) comprises confocal spherical mirror 4 with focal 
length fi and mirror 2 with focal length f2 and annular output mirror (1) in common focal point (3 - plane mirrors, 5 - 
output window). The annular mirror with hole radius a = (0,61Af2)

1/2 and spherical mirror with smaller focal length 
composes a spatial filter. The filter forms a smooth Gaussian-like intensity profile of low order mode [4]. Numerical 

calculations have been made to determine the dependence of output beam characteristics on resonator parameters. It 
has been established, that SFUR output beam is close to Gaussian one in terms of beam quality in the event that M = 
fi/f2 > 4 [2]. Spot radius R on the output mirror (1) is l,5Ma [4], and Fresnel number of active medium arm is N = 
R2/Xfi = 1,37M. Upper limit of M and N imposes by demand of high extraction efficiency, as feedback value of SFUR 
is approximately 2/M2. Achieving of the high extraction efficiency in CW C02 lasers is conjectural if M exceeds 5.. .6. 
That is, Fresnel number operation range is ~ 5 -s- 8. Such a narrow range is the drawback of the scheme in conditions of 
CW C02 laser, but in operation range SFUR allows to generate a high power and high quality beam. As we believe, 
power level up to 10 kW or more is achievable. Following features of the SFUR also make it attractive for high power 
lasers. First, reflective optics only is used in this scheme. Second, low power (~ 0,1 of output power in operation 
range) and small beam diameter in feedback arm facilitates the control over the temporal characteristics of an output 
beam. For example, Q-switching may be easily realized. 

4.    CONCLUSION 

From thermodynamic calculation follows that the actuation of electrical discharge should result in additional 
losses of pressure in a discharge channel on acceleration of gas. It is caused by presence of not isothermal processes in 
a discharge channel. At actuation of discharge there should be additional pressure losses and in the heat exchanger 
owing to change of the physical characteristics of a flow (speed and viscosity of gas), temperature, caused by increase, 
of gas. The resistance to motion of gas in a contour should essentially grow. From experiments, however, follows that 
the actuation of discharge does not accompany by increase of resistance to motion of gas. It, should be, connected that 
the actuation of electrical discharge results to improvement of the aerodynamic characteristics of a contour on a site 
from an input in a discharge channel up to an output for the heat exchanger. 

By means of visualization, it was found that the flow in a two-dimensional diffuser could be three-dimensional, 
which is manifested in formation of large-scale vortices rotating in the plane of the diffuser wall. 

The authors are unaware of any publications devoted to the problem of three-dimensional flows in two- 
dimensional diffusers. In experiments, three-dimensional flows were observed for very small angles of expansion 
(about 12°). However, there are publications on three-dimensional flows arising in the flow around a wing mounted at 
a certain angle of attack. Zanin [7] studied the three-dimensional structure of the flow around a wing and the changes 
in this structure induced by sequential increasing and decreasing of the flow velocity. The experiments [7] were 
conducted at an atmospheric pressure for flow velocities of 0-23 m/sec; the model span was 0.945 m and the chord 
length was 0.196 m. As a whole, similar flow patterns were observed under test conditions [7] and in our experiments. 
The flow structure under our experimental conditions could be reconstructed by placing steps in the vortex region or 
by mounting a flap (rotating blade) behind the diffuser near its wall. The physical mechanisms of three-dimensional 
flows and the effect of the discharge on them remain unclear yet. 

In this paper shown, that self filtering unstable resonator (SFUR) may be use for production of high quality of 
output beam in high power C02 lasers. The requirement of high beam quality is in contradiction with requirements of 
high mode volume and high extraction efficiency. As it has been shown here and in our prior work [4], self filtering 
unstable resonator (SFUR) [5] provides a high beam quality (close to TEMoo mode one) in high power C02 lasers with 
several times larger mode volume as compared to TEM00 mode of stable resonator. 
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1. INTRODUCTIONS 
The general view of PRS is shown in the paper [1] of the present book. The PRS is known gasdynamic device 

consisting from the next main elements: supersonic diffuser and supersonic ejector. Traditionally it is utilized for providing 
of supersonic wind tunnels exhaust. 

The scheme solution of PRS, the working parameters of system, the operating mode in many respects are 
determined by output parameters of gasdynamic installation, for which the PRS is designed. The features of PRS for 
continuous wave chemical lasers (CCL) HF/DF-CCL and COIL - in comparison with usual aerodynamic systems are 
connected with the particularities of laser flow gasdynamic parameters after a resonator. Some characteristic values of flow 
parameters on SD input for two these cases - wind tunnels and CCL - are represented in the table. 

T0K u, g/mol Y Pst, torr Re M Cross section 

Wind tunnel 300 29 1.4 >40 106-107 >3 Circle 

HF/DF 1400-1900 8-10 1.5 15-20 IOVIO
5 2 Rectangle 

COIL 300-400 8-10 1.5 5-7 lO^lO4 2 Rectangle 
Here T0 - flow stagnation temperature \i molecular weight of gas, y - isentropic index, M -flow Mach number, Re - characteristic Reynolds 

numbers, Pa- approximate range of static pressure on input in SD. 
In the paper some common statements concerning the rational selection of the working parameters of SD and EJ 

for PRS-CCL are represented. The condition of matching of SD and EJ parameters in a unified system is considering. 
2. SUPERSONIC DIFFUSER 

In PRS the diffuser is intended for slowdown of supersonic flow which is coming out of resonator cavity. The 
slowdown is necessary for effective mixing of subsonic laser flow (passive flow) with supersonic flow from EJ nozzle 
(active flow) in EJ mixing chamber. Such a mixing scheme is conventional, however there are proposals on providing of 
mixing by "supersonic + supersonic" scheme [2]. But there are not enough of data on lengths of mixing chambers today and 
are some starting problems for these EJ. Therefore the conventional scheme is considered in this paper only. 

Process of slowdown of supersonic flow in a channel is the interaction of 
oblique shocks originating in a flow with the boundary layer (Fig. 1). This 
interaction is reason of the boundary layer separation and of subsonic areas 
formation with intensive turbulence. Due to turbulence these areas increase 
along the channel, gradually catching a flow core. Slowdown of supersonic 
flow needs particular length, which depends on the flow velocity and on the 
shape of a channel [3-5]. A slowdown zone is named as area of pseudoshock. 

Characteristic distributions of static pressure P(x) on a wall of 
rectangular cross-section diffuser are shown in Fig.2. Basic SD performances 
are : start and unstart pressure - Pst, and P,,^, and maximal pressure recovery 
in a flow after SD - Pm«. The curve 1 corresponds to supersonic flow 
existing in a whole channel - at Poo in nozzle prechamber that much bigger 
than pressure Pst. The curve 2 corresponds to P0o = Pst, when part of channel 
is occupied by pseudoshock. At decreasing of P0o the pseudoshock shifts 
along the channel. Different curves are corresponding to different values of 
Poo. At last, at Poo = Punst they have the prestalling curve 3, when the regime 
with Pmax is realized (length of a pseudoshock is shown). At Poo^unst 
supersonic flow is destroyed in a working section - P(x) increasing begins in 
the nozzle which works in off-design condition. P^Punst - it is characteristic 
case for viscous flows and such a phenomenon is named by hysteresis. 

~3o      ~T~ Values of P,^, P^ and P^ for SD of sufficient length are easily 
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Fig.2 
evaluated with the help of the halfempirical one-dimensional theory based on 
relations for normal shock [6]. The experiments have shown - the minimum 

Pst, close to magnitude evaluated by normal shock relation, is reached when the SD length is equal to pseudoshock length 
(Lsd=LpS). At Lsd<LpS the Pst increases sharply [7,8]. So Lsd is the main empirical parameter of the theory. Effective diameter, 
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allowing the generalization of experimental data obtained in the installations 
with different channels, at different Mach number, was offered in [8]: D=b07x 
h03 (where b - width, h - channel altitude). D - empirical parameter is offered on 
the basis of analysis of the large number of experiments. Both sizes of a cross- 
section go into it, since the flow in rectangular channels is three-dimensional. In 
Fig. 3 the universal curve L= Lps/D =f(M) for length of a pseudoshock in the 
different shape channels (for wind tunnels and GDL basically) is given. 

In Fig.4 the results of tests for two HF/DF-CCL diffusers are 
compared. (Magnitudes of b/h are indicated in fig.). P(x) is related to the value 
of stagnation pressure behind normal shock (fig.4a). It is visible, that caliber D 
works in the field of CCL parameters (low Re numbers). In accordance with 
Fig. 3 magnitude of LpS is (8-9)D (M about 2). The difference of P/P0' from unit 
at the end of a subsonic diffuser is connected with friction losses. (At one- 
dimensional estimations of Pst this effect can be taken into account with help of 
the empirical corrections [8]). 

Absolute values P(x) differ strongly for two these tests, x'=x/I - 
relative magnitude (fig.4b). It is connected with the differences of flow 

parameters on SD input (point 
A). The data demonstrate how it 
is important to select the shape 
of cavity correctly. The analysis 
[9] shows a considerable degree 
of influence of the cavity 
extension and parameters in the 
generator of atomic fluorine 
(GAF) on parameters of flow 
before SD. In the CCL case the 
selection of SD performances 
starts with selection of GAF 
parameters. It is important to 

select profile of cavity wall. In the second case the profile was non-optimal. Moreover, the wall of cavity had a kink at SD 
input. The cavity wall should be shaped taking in account the heat generation in the flow to avoid appearance of shock from 
broad walls of a channel, because it results in the pressure start increase. 

The choice of pylon site in a channel must be correct too. In case of big installations the multisectional SD is 
employed [1]: large distance between pylons and nozzle device carries on to increasing of Pst [7,8]. 

Herewith, the start of multisectional SD and the reaching of design values of Psl- especially for channels with 
b/h»l - remains by a problem, which solution requires special efforts. At moment of start in such a channels the separation 
zones are shaped on narrow walls apart from a thick boundary layer [10]. It can lock the extreme channels and lead to 
unstart of a whole SD. To eliminate such phenomena the blow-downs along narrow walls from special small nozzles is 
applied. The size of blow-down nozzles, the place and the working parameters are selected empirically [11]. 

For PRS SD the very important performance is Pmax that is a function of 
Mach number and of channel constriction degree - S/S*. At start the initial level of 
vacuum on SD exit exists set by a degree of ejector compression on zero load. In 
next moment the pressure on EJ input increases in accordance with the load. So 
another mode of SD - not start mode - is implemented - the curve 3 in Fig. 2. For 
the better PRS performance it is necessary to have the bigger of Pmax. So it is 
demanded to define the maximum possible magnitude of S/S*. For GDL SD this 
magnitude is easily evaluated on a basis of the one-dimensional inviscid theory. In 
case of SD-CCL three-dimensional Navier-Stokes equations calculations is 
demanded -boundary layers are thicker (Re numbers are lower) [12]. Data of such 
calculation (Fig. 5) are showing that SD with a pylon width 20% - evaluation of one- 
dimensional inviscid theory - is not started: 12 % is maximum possible magnitude 
for pylon width. 

Thus, on basis of the half-empirical one-dimensional theory the basic 
geometrical parameters are selected and the estimations of SD performances are 
made.  These  estimations  are  the  first  approximation  for  three-dimensional 

Fig. 4a Fig. 4b 

Width of pylon 20% 
Fig. 5 
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calculations, on basis of which the final sizes are selected and the performances of diffusers are updated. 
At calculation of SD performances and geometry for COIL it is necessary to take into account the heat generation 

as result of singlet oxygen thermolisation in SD channel. The influence of heat generation on SD shape can be considerable. 
Quantitatively influence of heat generation depends on particular kind of working process in the laser. 

2. SUPERSONIC EJECTOR 
The principle of coordination SD and EJ in unified PRS was already stated above qualitatively. To determine it in 

details, it is necessary to examine the operation of ejector. The dependence of P02-total pressure before EJ on the G2-passive 
gas mass-flow rate is shown in Fig. 6. There is a hysteresis for EJ with constricting mixing chamber, as well as for SD with 
constriction. There is the start performance at P0=Pst, (P0-pressure in ejector nozzle prechamber), and unstart characteristic 
at P0=PUnSt: Pst > Punst- For a mode P0=Punst the common level of pressure decreases along the PRS channel, but also the EJ 
operation area on a loading is restricted. 

Working range 

Fig. 6 

The SD performance - pressure after SD on 
mass-flow rate - is given here. It is linear and slope angle 
depends on Mach number on SD inlet and on channel 
constriction ratio. PRS is started, when the EJ and SD 
performances are intercrossed - here different versions 
are possible. More economic regime is the EJ operation 
on prestalling performance (Fig. 6b). But in this case the 
gas-generator operation cyclogram should be double- 
regime: at first, shortly with P0=Pst - EJ is started, then on 
prestalling mode with P0=PunSb when laser with 
corresponding mass-flow rate is started. The positions of 

HF/DF-CCL ejector 
Compression ratio 

Constant 

points A and B on the diagrams are determined by EJ parameters and first of all by Mach number. The higher Mach 
numbers allow reaching the higher degree of vacuum and the higher ejection coefficients. 

The calculation of EJ parameters and its geometry begins from standard one-dimensional non-viscous technique, 
based on integral relations of conservation equation [13]. The mixing chamber length is the key empirical parameter again. 
For a peripheral scheme (injection of active gas along the walls) chamber length makes 4-5 caliber's, and for a central 
injection - 10-12 caliber's [13]. Geometry of mixing chamber can be either cylindrical, or conical - restricting. The 
constriction ratio is selected from different requirements: or keeping of pressure along the chamber, or achievement of flow 
crisis in a throat of the chamber. It is possible to choose constriction ratio on the basis of an optimum ratio of velocities: 
flow velocity after SD and outlet velocity from mixing chamber- X3. (At this rate the mixing chamber will be shorter, and 
the throat will be longer, than in case of ejector calculation for condition of crisis achievement in a throat.) The example of 
such optimization are given on Fig. 7 

EJ parameters and geometry chosen on the basis of non-viscous model, as well as 
in a case of SD, are considered as the first approach. Further for the previously 
chosen geometry the three-dimensional flow pattern is calculated on the basis of 
the complete Navier-Stokes equations. On the basis of these calculations the 
necessary changes in EJ geometry are done and EJ performances are determined. 

The flow pattern in PRS channel on operating regime is shown in Fig. 8. 
The color shows fields of the Mach number. The ejector nozzle was designed on 
M=4,5. Gas-vapor mixture with T0=1300K was used as a working medium. In 
figure the theoretical distribution of wall pressure along the whole PRS channel in 
comparison with experimental data is given. It is visible, that theoretical model 
(about it see [12]) reflects processes occurring in SD and EJ adequately. The model 
allows estimating the PRS performances enough precisely. 

In the article the basic moments of PRS operation considered from the 
viewpoint of gas-dynamics. The main parameters of SD and EJ, influencing on a 

general efficiency of whole system are specified. However it is possible to influence on ejection coefficient of system with 
the help of perfection of channel gas-dynamics but by the choice of fiiel and oxidizer in a gas-generator. 

However thermodynamics questions lie behind frameworks of this article - briefly they are considered in [1]. Here 
we shall touch a question about a choice of EJ operating temperature only. As it is better to use a system without active 
cooling as more reliable system, the level T0 in EJ is determined by constructional opportunities of used materials. 

For usual stainless steels T0 < 1000K. It is expediently to use the vapor-gas as active gas, when in combustion 
products the water is injected. By this mean decreasing of T0 to a reasonable level and decreasing of a molecular weight of 
active gas is achieved. However there is a problem of condensation at vapor-gas expansion in an ejector nozzle. At 

_  .   Groung 
BUH" level 

'   HBDF-CCL 

1.2     1.4     1.6 
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wan pressure atong ,hc PRS channel To<l000K possible Mach numbers lie in region M=3 (taking 

into account a pressures level in gas generators). Such Mach 
numbers do not allow the getting of high ejection 
coefficients. 

The application of modern materials used in aero-jet 
industry allows one to choose operating temperatures 
T0=1300K that considerably removes condensation limits. 
And then Mach numbers can be chosen in region M~4,5. Use 
of EJ with such parameters allows one to realize the PRS for 
HF/DF CCL on the basis of one-stage scheme. 

For COIL such compression ratio are not enough 
already. In this case it is necessary to consider the many- 
stage schemes of ejectors. Such systems are used for the wind 
tunnels designed for large Mach numbers. But these systems 
are not simple in operation, there are known some 

complexities of their start and achievement of their calculated performances. Besides PRS on the basis of many-stage EJ are 
resulting in a very long installation. Differential and slot-hole ejectors are alternative to many-stage systems [14, 15]. The 
principle of delaying of conditions for occurrence of critical regimes lies in a basis of these schemes. Such EJ are close to 
one-step systems from viewpoint of dimensions. However, the high compression ratio is realized at low ejection 
coefficients. 
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ABSTRACT 
The influence of shock waves on the excitation discharge for TEA gas laser have been investigated eliminating the other 
factors which may affect the discharge instabilities, such as gas density depletion, discharge products, residual ions and 
electrode heating. A shock wave of 1.2 in Mach number is produced by a shock tube with gas mixture of helium and 
argon in order to simulate the ArF excimer laser. The schlieren photographs of shock wave and direct images of light 
emitted from the discharge are recorded simultaneously by a high-speed image-converter camera It is found that, if the 
shock wave does not reach to the discharge region, glow discharge occurs only in front of the shock wave. Even if the 
shock wave passes through the middle of discharge region, the glow discharge occurs only in front of the shock wave. 
However, an arc-like filament through the shock front is also produced. If the shock wave passes through the discharge 
region, the weak glow discharge can be produced again, however, a surface discharge is also produced between the main 
electrode and the pre-ionization electrode. It becomes clear that the discharge instabilities depend on the location of 
shock wave in the discharge region. 

Keywords: Glow discharge, Arc, Excimer laser, Shock wave 

1. INTRODUCTION 
The high-pressure, pulsed glow discharge has been studied for further understanding of the excitation discharge on TEA 

gas lasers. The excitation discharge causes various instabilities in subsequent discharge which collapse at the highly- 
repetitive operation. It has been suggested that the instabilities are induced by a gas density depletion,1"2 shock wave,3'4 

residual ion,5 electrode heating,6 and discharge product generated in the discharge region. However, the influences of the 
respective factors on collapse of the highly-repetitive operation have not been clarified. 

The present paper inquires into the influence of the shock wave on the discharge instability eliminating the other factors. 
A shock wave of 1.2 in Mach number (M) is produced by a shock tube with gas mixture of helium and argon in order to 
simulate the ArF excimer laser. 

2. EXPERIMENTAL SETUP 
Figure 1 shows the schematic diagram of experimental setup. The setup consists of shock tube, electrical excitation 

circuits, discharge electrodes, schlieren system, and CCD camera. The v axis indicates the discharge direction, and the 
origin of the JC-V plane corresponds to the center of the discharge region. The main electrodes consist of half-cylindrical- 
type anode and cathode where the width, length, gap distance and radius of curvature are 40 mm, 120 mm, 22.7 mm and 
100 mm, respectively. The automatic ultra-violet pre-ionization electrodes consist of 6-pin spark gaps. To reduce the 
growth of perturbation in the shock wave, these gaps are set downstream of the main electrode. The excitation circuit is a 
charge-transfer type circuit (C\/Cp = 5.3/4.2 nF) where the storage capacitor is charged up to 30 kV. The discharge 
voltage and current are measured by a resistive voltage divider and a current transformer, respectively. A gas mixture of 
helium and argon is used to simulate ArF excimer laser. The gas composition is Ar /He = 1/9 with a pressure of 178 kPa 
which corresponds to an initial gas density (Pg) of 0.57 kg/m3. The ratio of specific heats (v) and the sound velocity of 
the mixed gas are calculated to be 1.66 and 726 m/s (at 290 K), respectively. The gas density difference through the 
shock front is given as follows: 

p2/Pl = (y+l)M2/[(Y-l)M2 +2], (1) 
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Fig. 1    Schematic of experimental setup. 
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Fig. 2 Schematic diagram of observation system 
of schlieren photograph and discharge light 

where P\ and P2 are the gas density in front of and behind the shock 

front, respectively. In this experiment, P\ and P2 are determined to 

be 0.49 and 0.65 kg/m3, respectively, where the gas density satisfies 

the following condition: (Pi + p2)/2 = Pa. 

Figure 2 shows the schematic diagram of the observation system 

of the schlieren photograph and the discharge light. An argon-ion 

laser (k = 514.5 nm) is used as a light source for the schlieren 

photograph. The schlieren photographs of shock wave and the 

direct images of light emitted from the discharge in x-y plane are 

recorded simultaneously by a high-speed image-converter camera. 

The schlieren photographs have been taken at an exposure time of 

750 ns which is shorter than the characteristic time of the shock wave. 

The spatial resolution of this system has been experimentally found 

to be ~ 0.1 mm on the object plane. The time-integrated, direct 

images of light emitted from the discharge in y-z plane are taken by 

CCD camera, where the exposure time is estimated to be ~ 2 s. 

3. RESULTS AND DISCUSSION 
Figure 3 shows the typical time-integrated photograph of light 

emitted from glow discharge in a stationary gas with a gas density of 

0.57 kg/m3. The six spots of intense light indicated in y-z plane 

correspond to the preionization discharge. We found that the 

homogeneous glow discharge are obtained, however, the center of 

discharge locates at x ~ 4.5 mm because the preionization gaps are 

set downstream of the main electrode. 

Figure 4 shows the time-resolved schlieren photographs of the 
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Fig. 3   Time-integrated photograph of light emitted from glow. 

.Cathode 
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Fig. 4 Time-resolved schlieren photographs of shock wave. 
*: Shock wave propagating along x axis, **: shock wave 
reflected by main electrode. 
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shock wave in the x-y plane. It is found that the velocity of shock wave is estimated to be ~ 850 m/s which corresponds 
to the Mach number of 1.2. 

Figure 5 shows the schlieren photographs of the shock wave in the x-y plane and the photographs of the direct image of 
light from the discharge in y-z plane. The shock waves propagate along the x axis. It is found that, if the shock wave 
does not reach to but close to the middle of the discharge region, glow discharge occurs only in front of the shock wave 
(mode 1). Even if the shock wave passes through the middle of the discharge region, the glow discharge occurs only in 
front of the shock wave, and an arc-like filament also exists through the shock front (mode 2). A lot of streamer exists 
through the shock front when the shock wave just reaches the edge of electrode (mode 3). If the shock wave passes 
through the discharge region, the weak glow discharge can be produced again behind the shock front, however, a surface 
discharge is also produced between the main electrode (cathode) and the pre-ionization pin electrode (mode 4). 

Figure 6 shows the discharge mode as a function of position of the shock wave. It is clearly found that the discharge 
mode is classified into four modes according to the position of the shock wave. 

«—10 mttifi, y 

Cathode      —> * 
—> 10 mm 

rtCathode 

l i L 
Anode l» 

(a) Shock wave: x = - 0.7 mm, mode 1 

ip—^r it * 
(b) Shock wave: x = 9.8 mm, mode 2 

A-         JL 

(c) Shock wave: x -13.0 mm, mode 3 

Do 
^T   Tf  

JL 

T 
(d) Shock wave: x = 15.6 mm, mode 4 

Fig. 5 Schlieren photographs of shock wave 
(x-y plane) and direct images of light 
emitted from discharge (y-zplane). 

Middle afDischarge 
Middle of Electrode /      Edge of Electrode 

9>_ 

4-- 

3-- 

I   21" 

■^V- X r 

■i- -e— 

-OOSE3B33- 

— £S©-€HfflS- 
_L li_ 

-5        0 5        10       15       20 
Position of Shockwave, x (mm) 
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Figure 7 shows the typical waveforms of the discharge voltage (V), current (I), resistance (R = VII), and power (P = VI). 
The discharge resistance (Rmjn) as a function of the position of shock wave is shown in Fig. 8 . Here, Rmj„ is defined as 

the minimum resistance in the discharge. In mode 3, Rmjn decreases to ~ 0.1 Q when the shock wave exists on the edge 
of electrode where the radius of curvature of the electrode changes into 10 mm. The peak discharge power (Pp) as a 
function of the position of shock wave is shown in Fig. 9. In mode 1 and 2, the discharges maintain Pp of 20 ~ 35 MW. 
On the other hand, Pp is reduced to 8 ~ 15 MW in mode 3 and 4. 

4. CONCLUSION 

The influence of shock wave on the excitation discharge has been investigated eliminating the other factors which may 
affect the discharge instabilities.     The following conclusions can be drawn from the present investigation. 

(1) The discharge is classified into four modes according to the position of the shock wave. 
(2) The glow discharge occurs either in front of or behind the shock front. However, the glow discharge behind the 

shock front decreases in the discharge power. 
(3) The shock wave (M ~ 1.2) tends to induce the instabilities in the high-pressure, pulsed glow discharge without a 

halogen gas. 
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ABSTRACT 

A lineselective CCVlaser with a 'Variable Reflectivity Grating' (VRG) instead of a 'Variable Reflectivity Mirror' 
(VRM) was realised. The binary grating has a constant grating-period and -depth and a modulated width of the 
grating-bars. Stable and unstable resonator designs were investigated. 

Keywords: Carbon dioxide laser, diffusion-cooled, stable resonators, unstable resonators, binary gratings 

1. INTRODUCTION 

We have investigated the use of modified binary Littrow gratings in an rf-excited CO2 slab laser setup for lineselective 
operation (Fig. 1). The slab laser setup leads, due to area power scaling, to a compact design of the whole CO2 
laser.1 The main disadvantage of this system is the huge Fresnel number in the plane parallel to the electrodes 
(z-direction). Different resonator concepts have been investigated in the last years to solve this problem. One 
solution for a non-lineselective setup is a resonator with a 'Variable Reflectivity Mirror' (VRM).2 Our approach has 
been to replace the VRM by a 'Variable Reflectivity Grating' (VRG) with the advantage of enabling lineselective 
operation.3'4 

0' diffraction order 

Electrodes 
Littrow grating 

Totally reflecting mirror 

RF-generator 
+ 

matching circuit 

Figure 1. RF-excited lineselective slab laser. 

2. BINARY GRATINGS 

For reflection gratings with a period p of about 7 /xm, a wavelength A of about 10 /xm, and an incident angle a of 
about 45° only two diffraction orders appear. If the incident angle holds for the equation: 

sin(a) = sin(ai) = —, 
2p (1) 

the direction of the reflected wave of the -1st diffraction order is opposite to the direction of the incident wave (Fig. 
2a). This diffraction order is coupled back into the resonator, whereas the 0th diffraction order is coupled out. The 
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Figure 2. a) Littrow configuration of a diffraction grating. 
b) Reflectivities of a binary Littrow grating of constant grating depth and period. 

portions of power (PQ and P_i), which are coupled into the two diffraction orders, are called reflectivities RQ and 
R-x: 

Ro = 
Po 

i?-i = 
P-i 

(2) 
PIN PIN 

and depend on the individual parameters of the grating structure.5 For a binary grating with a period p = l\im 
and depth t = 1,4/zm, the dependence of the reflectivities on the groove width g are shown in Fig. 2b for a lossless 
grating (Ro + R-i = 1). 

As shown in Fig. 3, it is therefore possible to realize areas with different reflectivities by changing the groove 
width g, without changing the period or the grating depth. In Fig. 3b, two different areas (mid- and rim-region) of 
one realized grating are shown. We fabricated the gratings by a photolithographic/microgalvanic process on copper 
substrates. 

30% P. 

a) b) 

Figure 3. a) Binary Littrow grating with areas of different groove width. 
b) Top view of the grating in the middle (top) and the edge (bottom) of the structure. 
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Figure 4. a) VRM resonator, b) VRG resonator. 

3. RESONATOR WITH VARIABLE REFLECTIVITY GRATINGS 

By changing continuously the groove width of the grating along the x-axis of the resonator, it is possible to realize 
a gaussian or supergaussian reflection profile of the grating for the -1st diffraction order. We can then substitute 
the VRM in a nonlineselective VRM resonator by such a grating, as is shown in Fig. 4. The reflection profile of the 
VRM is now represented by the reflection into the -1st diffraction order, whereas the 0th is used to couple out the 
laser beam. We have investigated this principle for a stable and an unstable resonator setup with gratings on plane 
and convex surfaces. 

4. RESULTS 

The overall efficiency of the gratings we realized always was better than 97 %. Fig. 5a is an example of a measured 
reflection profile of a VRG. It can be seen that the profile has a good symmetry, but also, that in the rim-region of 
the grating a difference in reflectivity of about 15 % appears. There are two reasons for this deviation. The first 
reason is that the angle of the grating-sidewalls is not 90°, which means, that the realized structure not precisely has 
a binary shape, which may result in the measured difference between the measured and the expected profile. The 
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Figure 5. a) Measured reflection profile of the grating for the stable resonator, 
b) Lineselective laser (9P36 line) 
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Figure 6. Measured beam profile of the stable (a) and unstable (b) resonator. 

second reason is that the reflectivity has its maximum slope for small groove widths (Fig. 2), which occur in the 
rim-region of the grating. Due to technological tolerances it is therefore more critical to realize a certain reflectivity 
in the rim-region of the grating than in the mid of the grating. 

To test the stable and unstable resonator setup, we used an rf-excited (40 MHz) CO2 slab laser with slow gasflow 
(Fig. 5b). 

The typical beam profile of the stable resonator is shown in Fig. 6a, which is in good agreement with the 
theoretically expected profile. For the grating substrates we used plane copper-mirrors. The unstable resonator we 
realized was a positive branch resonator with a concave totally reflecting mirror and a convex VRG as outcoupling 
element. As it was expected, this resonator was very alignment-sensitive. The typical beam profile for the unstable 
resonator is shown in Fig. 6b. It significantly deviates from the theoretically expected profile. The main reason for 
this discrepancy seems to be the fact, that we carried out our simulations for a passive resonator without any active 
medium. 

5. CONCLUSION 

The utilization of a VRG in a slab laser resonator has prooved to be a good possibility to realize a compact, 
lineselective slab laser. An unstable resonator is the best choice to extract a high brightness beam out of the wide 
active medium of a slab laser. For an alignment insensitive setup, a negative branch resonator has to be used. For 
this purpose, curved gratings on concave surfaces are necessary. The simulation results can be improved by including 
the parameters of the active medium in our simulation tool. 
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Simple way for in-phase mode selection in laser with annular gain region 
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ABSTRACT 

Properties of laser cavity composed of two plane segmented mirrors placed at half-Talbot distance are considered 
theoretically in application to gas laser with annular active medium. Discrimination of in-phase mode against other 
supermodes is demonstrated. For saturable gain model, a critical small gain is found for which the in-phase mode become 
unstable. 

Keywords: annular waveguide, Talbot effect, phase locking, in-phase mode, mode discrimination 

1.   INTRODUCTION 

An attractive feature of a gas laser with annular shape of gain region is its compactness at high power level. A particular 
simple situation takes place when radial propagation of the wave field is limited by waveguide walls like construction of 
diffusion cooled C02 laser with radio-frequency (RF) discharge excitation.1 Problems inherent to this construction are non- 
uniform plasma excitation and a large amount of transverse modes lasing simultaneously. In the case of RF discharge the 
voltage drop on the plasma uniformity can be improved by sectioning electrodes2. But the problem still remains how to 
arrange single-mode laser operation. Azimuth propagation properties of radiation field in cavity considered are very similar 
to lateral propagation of radiation in a cavity formed by infinite stripe mirrors. Diffraction losses in azimuthal direction are 
completely eliminated resulting in a plenty of modes with equal losses. 

In ref.3 it was proposed to introduce mode discrimination by placing a spatial filter in front of one of mirrors absorbing 
radiation incident on it. This filter was periodical in azimuthal direction. The length of the resonator L and spatial period of 
the filter A satisfied to Talbot condition L = A2/A = Lj/2, where LT is the so-called Talbot distance where self-reproduction 
of a periodical field takes place. For Lj/4 cavity the only collective mode selected was the out-of-phase mode. Placing an 
external phase-modulated mirror this out-of-phase mode was converted to the in-phase one (all beams with the same phase). 
Numerical simulations made in 4 have shown the existence of the fractional Talbot effect in a system of circularly 
positioned beams without annular waveguide. In ref.5 the fractional Talbot effect (i.e. self-reproduction with image 
multiplication of the periodical field distribution at fractions of Talbot distance) was studied numerically in the guided 
Talbot resonator. It should be mentioned that the field distribution of the in-phase mode was expressed as a combination of 
several azimuthal modes, while in the radial direction only the fundamental mode of the waveguide was taken into account. 

The inherent drawback of resonator geometry considered above results from the exact reproduction of two different modes: 
in-phase and out-of-phase ones 6. For LT/4 cavity the out-of-phase mode can be selected effectively, but additional phase 
rectification is necessary to improve output beam quality. We propose and analyze numerically a new version of Talbot 
cavity when both plane reflectors are segmented with reflecting parts positioned periodically along the ring and 
supplementing each other (see Fig. 1). Distance between reflectors is also Lj/2. Reflectors are identical except a turn around 
common axis onto half a reflectance modulation period. The out-of-phase mode is discriminated completely having high 
losses in this construction. The in-phase mode has diffraction losses close to zero because of property of the periodical field 
to form an image identical to the origin but turned onto a half a period 6. An additional benefit of this cavity is anticipated: 
high laser energy extraction efficiency due to rather good amplifying space filling by the in-phase mode intensity in the 
middle of cavity. Numerical simulations of cavity modes including saturable gain medium were performed aimed to 
evaluate single-mode oscillation stability limit. It is expected that because of spatial hole burning effect the in-phase mode 
lose stability at some above threshold small-signal gain. The magnitude of this critical small-signal gain is an important 
characteristic of the cavity. 
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2.   PROBLEM STATEMENT AND NUMERICAL MODEL 

Construction showed in Fig. 1 consists of annular waveguide (AWG) with internal and external radii R, and Re respectively 
and length Lm. The AWG is filled with C02 laser medium having gain g=g(/( 1+-0, go is the small signal gain coefficient, and 
local intensity/ is scaled by saturation intensity. Two segmented mirrors (Ml and M2) are placed at equal distance dfrom 
the ends of the AWG. Each of N segments of Ml is totally reflected while segments of M2 have reflectance r = 64%. The 
length of the AWG is to be found from condition: Lm+2d = Lj./2 = A2

/ä, where X is a radiation wavelength, 

A = n (Rc + Rt )/N   is the reflectance period. Width of segments in azimuthal direction is equal to A/2. Neglecting 

diffraction in radial direction, construction considered is equivalent to two infinite arrays of plane mirrors shifted to each 
other for a half of the period. Because after propagating over the half of Talbot distance the in-phase mode is reproduced 
exactly but with a half-period shift, this mode would not have any diffraction losses in the considered cavity for an arbitrary 
field profile on the mirror segment. The analysis has shown that the losses associated with incomplete field reproduction 

caused by annular waveguide curvature are much less than (l-7?,/^.) . Propagation over free space gaps introduces 

diffraction losses into the system and makes different losses for different modes. 

Ml 

M2 

Figure 1. Schematic of the resonator consisting of annular waveguide (AWG) and two segmented mirrors: Ml with totally reflecting 
segments and M2 with semi-transparent segments 

The numerical methodology applicable for adequate description of the laser radiation propagation was described in ref. 7. 
The 3-D diffraction code is based on splitting into diffraction and gain operators after each propagation step. We employed 
the 2-D Fast Fourier Transformation technique (FFT) in calculations of diffraction effects using Cartesian mesh. Cavity 
modes were found by traditional iteration procedure. Using the fact that symmetry of some optical modes is quite different, 
it appeared possible to find numerically besides fundamental (in-phase) mode also some higher order modes. The 
calculations were made for the following values of parameters: R{ = 1.25 cm, Äc = 1.5 cm, N = 17, X = 10.6 urn; cavity 
length is Lj/2 = 243.6 cm. Generally, the distances between mirrors and waveguide faces (RF discharge) are subject to some 
restrictions, but can be varied within a wide range. Evidently, increasing these gaps results in growth of diffraction losses. 
From the other side, these losses produce stronger discrimination between modes. Therefore, a series of calculations for 
gain-loaded cavity was made to evaluate discrimination properties of the resonator for different gaps lengths. 

3.   RESULTS AND DISCUSSIONS 

It was found that in-phase mode pattern is not too much sensitive to the spacing length variations and to increase of small 
signal gain coefficient. Therefore near- and far-field patterns shown in Fig. 2 for the in-phase mode are representative for a 
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wide range of d and g0. One can see that all beams are perfectly phase locked resulting in high summed beam optical 
quality. Fig. 3 shows near field pattern for the in-phase mode over one segment of the output mirror. It was found that this 
distribution in some degree varies with growth of d and g0 both: it's becoming broader in both azimuthal and radial 
directions. It is worth to note that the wave field at the azimuthal edges of the segment is much weaker than at the radial 
edges. 

Figure 2. Near field (left) and far field (right) patterns of in-phase mode 

Figure 3. In-phase mode intensity distribution over a single mirror segment 

This is a particular feature of the configuration considered. The constructive interference between laser beams results in 
rather good reproduction of the beam array in azimuthal direction, while in radial direction an irreversible expansion of 
radiation takes place. As it was mentioned above, the annular waveguide with closely spaced periodical mirrors is 
equivalent to an infinite ID array. In this limit, any periodical wave field distribution is reproduced exactly. Fig. 4 
demonstrates this effect. It was possible to calculate by iterations with an appropriate initial distribution two more in-phase 
modes differing by mode pattern within each segment: two peaks in azimuthal (right) and radial directions. As it is known 
from the theory 6, besides shown in Figs. 2 and 4 modes there exists a number of modes modulated in phase over the 
azimuthal direction. Generally, they have larger diffraction losses than the in-phase mode. However, they can also compete 
for the gain at further increase of gain over threshold. We have studied mode competition effect numerically for two free- 
space gaps length values. For short gaps it was found that the in-phase mode became unstable at rather small above 
threshold gain (about 1.05). This effect evidently is explained by a low discrimination of modes. For longer gaps radial 
diffraction is more important, and discrimination against higher-order modes should increase. Fig. 5a shows how the 
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threshold gain for the in-phase mode grows with d in case of perfectly reflecting mirrors. Taking d such that diffraction 
losses are comparable to output, the output power was calculated as a function of small-signal gain (see Fig. 5b). 

Figure 4. Near field patterns of higher order modes: radial (left) and angular (right) 
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Figure 5. a) Fundamental mode threshold gain in dependence on spacing width d for perfectly reflecting mirrors; 

b) Output power and percentage of diffraction loss vs small-signal gain reduced to the threshold for d= 10 cm 

b) 

It is seen that laser operates stable in single (in-phase) mode regime up to above threshold gain 1.7. Still percentage of 
diffraction loss is rather low (right axis). This demonstrates an opportunity to stabilize the in-phase mode in the cavity 
proposed up to high powers with simple means. Further studies are necessary to evaluate effects produced by refractive 
index gradients induced by gas heating. Authors acknowledge the financial support from the RFBR project 99-02-17469a. 
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Dynamic correction of thermal lensing and birefringence in 
high-power solid-state lasers 

Inon Moshe* and Steven Jackel 

Non-linear Optics Group - Soreq NRC, 81800 Yavne, Israel 

Abstract 

Enhanced birefringence compensation together with dynamic thermal focus correction was demonstrated in a 
high-power, high-pulse-energy oscillator based on two flashlamp-pumped, lxl 0cm NdrYAG rods. Birefringence 
compensation was achieved by 90° polarization rotation with either a quartz rotator between the rods or with a Faraday 
Rotator between forward and backward resonator passes. An Imaging Variable Radius Mirror -IVRM composed of 
discrete optics was used as the resonator rear mirror. Imaging was required to re-image the rod principal plane onto itself so 
as to minimize the birefringence compensation's bifocal lensing sensitivity. Dynamic control of the IVRM radius of 
curvature was required to compensate thermal focusing variations. Integration into a Reentrant configuration, enabled 
average output power of 114W @ 20Hz with 3% overall efficiency in a polarized beam. Pulse energy dropped by only 3% 
compared to "cold" operation. 

Keywords: laser resonators, thermal lensing, birefringence, bifocal lensing. 

1.    Introduction 

Solid state laser materials are heated throughout their volume, by the absorbed pump power not converted to light, but 
are surface cooled, usually by a flowing fluid. This situation causes a temperature gradient with a maximum value at the 
center, and a minimum value near the periphery. In the case of laser rods, the temperature gradient causes the local index of 
refraction to quadraticly depend on radius. This behavior causes thermal focusing.1 Temperature gradients, additionally, 
induce thermal stresses inside the rod that result in birefringence related phenomena. The rod's index of refraction tensor 
becomes radially and tangentially dependent.2 Thermally induced birefringence causes two main problems in optical 
systems. First, a linearly polarized incident ray will accumulate different phase delay on its radial and tangential 
components, and will become elliptically polarized after exiting the birefringent laser rod. This distortion is angularly and 
radially dependent and cannot be corrected in single pass with waveplates or Faraday rotators (FRs). The second problem is 
bipolar lensing, where the radial and the tangential polarization components of the input beam are focused by different 
amount by the birefringent rod. This phenomenon reduces beam quality in two ways: first, it introduces an optical aberration 
with a circle of least confusion located between the two focal planes. Second, the bipolar focusing makes design of TEMoo 
laser resonators much more difficult and even impossible (in case of large fundamental-mode size inside the rod)3. Thus, 
birefringence compensation is essential to produce efficient lasing with high beam quality. 

One of the basic birefringence compensation techniques uses 90° polarization rotation between two laser rods. A quartz 
rotator (QR) can be used to average, to an equal value, the accumulated phase delay of both polarization components of the 
first rod by passage through the second rod.4 This compensation technique is conditional on identical optical paths, 
experienced by both polarization components, through the two rods. Unfortunately, this condition cannot be met due to the 
bipolar focusing that always accompanies depolarization. In order to partially overcome bipolar focusing, relay imaging is 
used to couple the rod principal planes.5 This compensation technique requires identical laser rods/pump heads/power 
supplies. When heat values and distributions are not identical and/or when the laser rod axis are not sufficiently aligned, the 
compensation will not be complete. 
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A better solution should be to correct the polarization distortion in the same distorting media, even when multiple rods 
are used. Practically, a 45° FR, located between the second laser rod and the rear mirror, is used for 90° polarization 
rotation, and an "imaging mirror" is used for re-imaging the rod principal plane and to retrace the incident rays. An erecting 
imaging mirror consists of an imaging lens and a retroreflecting mirror. An adaptive mirror enables dynamic correction of 
unstable aberrations without affecting the re-imaging. 

In this work, adaptive compensation of thermal focusing is achieved using a one degree of freedom Variable Radius 
Mirror (VRM).6 An additional positive lens is used to form an inverted image of the rod principal plane on the VRM 
entrance/exit pupil and then an erect 1:1 reimage of the original rod principal plane at its original location. We call the 
imaging lens plus VRM combination an Imaging VRM or IVRM.7 

2.    Experiments 

2.1   Birefringence compensation by 90° polarization rotation between laser rods 

In this section, birefringence-compensated resonators based on 90° polarization rotation between laser rods were tested. 
The polarization distortion occurring in the first rod was compensated in the second identical rod. Resonator performance 
was measured in two configurations, using only a 90° QR, or using a 90° QR plus a relay-imaging telescope (figures 1 (a) 
and (b), respectively). In both configurations, the VRM was controlled to maximize output power while varying repetition 
rate. Proper operation of this compensation technique requires good equality of the laser rods/heads/pump-distribution, 
because the beam distortion generated in one rod should be corrected in an identical distorting distribution. Before 
operation in the oscillator, the PFN energies to the two heads were set to generate equal average heat loads. 
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Figure 1: Birefringence compensated resonator schemes, with 90° QR (a), and with 90° QR plus relay-imaging telescope (b). 

Output energy normalized by the output energy at single shot operation was measured as function of the average pump 
power using no birefringence compensation, and with 90° QR or 90° QR + relay imaging compensation (figure 2). 
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Figure 2: Normalized output energy without or with 90° QR or 90° QR plus relay-imaging telescope birefringence-compensation. 

436 Proc.SPIE Vol. 4184 



One can see that the simple configuration, without relay imaging, did not provide sufficient birefringence 
compensation, and strong depolarization induced energy reduction occurred. The operating range (5% loss) was extended 
by a factor of three using the enhanced configuration that also contained the relay-imaging telescope. Nevertheless, this 
configuration, that theoretically provides perfect bifocus insensitive birefringence compensation5, was also found to be 
limited. A large, 13% loss occurred at 2.8KW pump power. This limitation could be due to nonequality of the heat 
distribution in both rods, and/or due to asymmetrical heat distributions around the optical axis. Thus, birefringence 
compensation failed at high pump power, although both rods were pumped to generate the same average heat load. 

2.2  Birefringence compensation by 90°-polarization rotation between passes through the two rods. 

For laser rods with nonidentical optical distortions and/or nonsymmetrical heat distributions, the birefringence 
compensation should be done by double-passing (with erect imaging) the same extended distorting media. The Ef, Ee ray 
separation due to bifocal lensing should be eliminated. These considerations were implemented by using the resonator 
shown in Figure 3. A 45° FR, was placed between the second rod and the rear mirror, instead of the 90° QR located 
between the rods. This enabled correction after alternate resonator passes. The IVRM as the resonator rear mirror enabled 
erect imaging (in order to avoid asymmetry limitations) and dynamically corrected time-dependant thermal lensing. m order 
to retain the beam polarization on the polarizer axis, an additional FR was placed between the first rod and the polarizer. 
Figure 5 depicts the normalized output energy as function of the repetition rate, using an rVRM and a FR to correct for 
birefringence between passes. Figure 5 also provides a comparison with inter-rod 90° QR compensation. Less than 5% loss 
at pumping power of 4KW occurred with compensation between passes. These results demonstrate the advantage of 
birefringence compensation between passes using the IVRM and 45° FR, with depolarization correction between alternate 
passes through both distorting rods and with erect-imaging. 
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R=0.2 Polarizer FR     laser rod 

f=(+)20cm 1x10cm Nd.YAG 

^K 
principal plane 

laser rod 

I irincipal planes OF 
Figure 3: Birefringence compensated resonator using 45° FR and rVRM to 1:1 re-imaging and dynamic correction for thermal lensing. 

A reentrant configuration8, which acts as a three-mirror resonator, (figure 4) was used to prevent possible losses at the 
polarizer. This configuration replaces the polarization-plane retaining FR with a 0° HR mirror positioned to retrorefiect the 
beam reflected by the polarizer. IVRM was integrated to eliminate bifocal lensing induce compensation failure. 5.7J @ 
20Hz was achieved using this configuration. This configuration gave the best results. 

Figure 4: Birefringence compensated resonator scheme using IVRM in a reentrant configuration. 

Average output power as a function of the electrical pump power, using a Reentrant plus IVRM, two FRs plus IVRM 
and inter-rod QR plus VRM are presented in figure 6. The two configurations that used the IVRM depict a linear behavior, 
which means good birefringence compensation and low pump dependent losses. In contrast, birefringence compensation 
between the laser rods was insufficient, and depolarization losses increased with pump power to flatten the output power 
curve. At pump power of 3.9KW, 114W polarized output power (overall efficiency of about 3%) was extracted through the 
reentrant resonator with IVRM, in contrast to only 90W extracted from the resonator with inter-rod 90° QR (overall 
efficiency of 2.3%). These results demonstrate the superiority of the IVRM + FR+ relay-telescope Reentrant resonator. 
Replacing the IVRM with a VRM (no re-imaging) yielded inadequate compensation. 
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3.    Conclusions 

Birefringence compensation was tested in pulsed power oscillators based on two lxl0cm Nd:YAG flashlamp pumped 
rods. Two basic methods were tested, compensation in the second rod for depolarization generated in the first rod with a 90 
QR, and compensation in the second resonator pass for the distortion generated by both rods in the first pass using a FR. 
Both compensation methods used rod principal-plane relay-imaging to eliminate free-space bifocusing errors. Birefringence 
compensation without relay imaging was effective only at low powers. Significant depolarization loss occurred, with 
inter-rod birefringence compensation. In contrast, less than 5% losses @ 3.9kW pumping power occurred with birefringence 
compensating between resonator passes through both rods. In the inter-pass configuration, a 45° FR was placed between the 
second rod and the rear mirror. An IVRM was used as the resonator adaptive rear mirror and relay imaging optic. This 
compensation method was tested in two configurations, linear and Reentrant. The Reentrant scheme proved to be more 
efficient, resulting in 114W of polarized output power (PRF= 20Hz) @ 3% overall efficiency. 
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An Improved Virtual Confocal Unstable Resonator 
Suitable for COIL 
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P.O. Box 8009 Beijing 100088, China 

ABSTRACT 

By analysing the advantages and disadvantages of the unstable resonator with phase-unifying output coupler, An 

improved unstable resonator is designed. The numerical simulation results indicate, that the fat-field intensity focusing 

of the improved resonator is better than the conventional resonator. 

Keywords: unstable resonator, improved resonator, numerical simulation 

1. Description of the Improved Resonator 

The idea of the improved resorator is to increase the magnification and guarantee the extraction efficiency 

simultaneously. For this purpose we devide the convex output mirror into two parts: the central part with full 

reflectivity Rt = 1 and the outer circle part with partial reflectivity i?0 = r\ < 1. 

When X] -»1, the improved resonator degenerates into the conventional unstable resonator; When i?,. -> r| < 1, the 

improved resonator becomes the unstable resonator with a phase-unifying output coupler(Yasui K, et. al.). 

The magnification of conventional unstable resonator is 

Where ax and a3 is the radius of concave and convex mirror respectively. 

The effective magnification of improved resonator is 

m2 =ai Ia2,   m2 >ml 

Where a2 is the radius of central part of convex mirror. 
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Fig.l    Schematic of the improved unstable resonator. 
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The step function distribution of reflectivity: 

R{r'Jax) = \ 

1, 0<(r{/ai)<l/m2 

r\<\,      \lm2<{rllax)<\lm{ 

0, \lmx<(r;iax)<\ 

The Gaussian distribution of reflectivity: 

X 
R(r;/ax) 

0<(rllax)<\lm2 

exp[-2(r,7a, -llm2)
2 lx2\      \lm2 < (r//a,) <1 /'mx 

0, 1/m, <(r;/ax)<\ 

2.   Results of Numerical simulation 

By solving Fresnel integral equation numerically we can obtain the near-and far-field distribution of laser intensity. 

2.1    Results for conventional unstable resonator (see Tab.l and Fig.3) 

Table  1     The computational results of normalized far-field intensity I and integral intensity  /,: for the 

conventional unstable resonator   

rib 

I/r.u. 

/, /r.u 

0 

1 

0 

0.1 

0.033 

0.485 

0.2 

0.062 

0.815 

0.6 1.0 

0.573(-4) 

0.983 

0.333(-5) 

1.0 

1 

0.8 

"-  ■     t                 ■  :           -~i i 
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0.2 / 

0 f/Xs^~X\ 
0.2 0.4 0.6 0.S 

rja, 

Fig3.    The laser intensity distribution of near-and far-field for conventional unstable resonator. 
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2.2    Results for Improved Resonator(see Tab.2 and Fig.4,5) 

Table 2    The computational results of normalized far-field intensity and integral Intenaity for the improved 

unstable resonator (r\ ■= 0.5; \l m2 - 0.5 and 0.3) 

r/b 0 0.1 0.2 0.6 1.0 m 

I/r.u. 

/, /r.u 

1 

0 

0.858(-2) 

0.745 

0.134(-2) 

0.907 

0.485(-4) 

0.988 

0.894(-5) 

1.0 

2.0 

I/r.u. 

/, /r.u 

1 

0 

0.0155 

0.752 

0.135(-2) 

0.895 

0.168(-5) 

0.987 

0.135(-4) 

1.0 

3.33 

Fig.4    The laser intensity distribution of near-and far-field for the improved  unstable resonator for  n= 0.5 and 

Mm, =0.5 
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Fig.5    The same for    n = 0.5-   l/m,=0.3 
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2.3    Results for Resonator with Gaussian distribution of Reflectivity (see Tab.3 and Fig.6,7) 

Table 3    The computational results of normalized far-field intensity and integral intensity for the unstable resonator 

with Gauss distribution ( l/m2- 0.5,   T =0.237;   1 / m2 = 0.3,   x = 0.437) 

r/b 0 0.1 0.2 0.6 1.0 ni2 T 

I/r.u. 

/, /r.u 

1 

0 

0.0107 

0.689 

0.140(-2) 

0.815 

0.734(-4) 

0.979 

0.103(-4) 

1.0 

2.0 0.237 

I/r.u. 

/, /r.u 

1 

0 

0.0153 

0.690 

0.201 (-2) 

0.861 

0.654(-5) 

0.985 

0.195(-4) 

1.0 

3.33 0.437 

0.8 
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Fig.6    The laser intensity distribution of near-and far-field for the unstable resonator with Guass distribution 

R(r/ax) of \lm2 =0.5and x = 0.237 
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Fig.7   The same for l/m2=0.3and x = 0.437 
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3. Conclusion 

The numerical simulation results indicate that far-field laser focusing of improved resonator is better than the 

conventional resonator and the resonator with Gaussian distribution of reflectivity. 

We can change the parameters  w,, m2 and r) to optimize the design of the improved resonator. 
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ABSTRACT 

As a result of experiments and numerical simulation of phase conjugation (PC) in the SBS-mirror with an ordered raster of 
small lenses, its optimal configuration is determined that has unique properties as compared with the current SBS-mirrors. In 
current SBS-mirrors in the focused beams the high PC quality takes place at high reflection coefficients only that is often un- 
achievable. The presented SBS-mirror fixedly yields the PC quality that is near to an ideal at any level of SBS saturation, i.e. 
any reflection coefficient. The simulation results are in good agreement with the experimental data obtained for pulsed Nd 
laser radiation with using a super-clean SBS-cell and multi-level raster of small Fresnel lenses. 

Key words: phase conjugation, stimulated Brillouin scattering 

1. INTRODUCTION 

In phase conjugation (PC) mirrors based on stimulated Brillouin scattering (SBS) it was a usual way to use a random phase 
plate located ahead of SBS-cell.1"4 But there are a few experimental investigations of double-pass amplifiers where the aber- 
rated laser beam experience ordered spatial distortions at the use of a raster of Fresnel lenses in the PC-mirror scheme5"8 or 
at an amplifier in the form of an ordered fibre bundle.9 We have recently carried out a numerical investigation10 of PC at 
SBS in the case of the ordered raster of small lenses. An arrangement optimisation of such PC-mirror has allowed to find a 
new effect of extremely low noising of Stokes beam. Its essence is in the fact that the angular selection of Stokes radiation 
leads to the nearly perfect PC when the input window of SBS-cell is placed in a certain intermediate region between the fo- 
cal plane of rasher's lenses and the focal plane of main lens. Calculations10 have been performed in an approximation of 
steady-state linear (unsaturated) SBS but in the experiments the SBS saturation shows itself in any event. For modeling the 
experiments on PC at SBS of pulsed laser beams, a physical and numerical SBS model has been developed." It allows for 
SBS saturation and non-steady-state processes related to the finite time of hyper-sound relaxation in the SBS-medium. Here 
the model is applied to PC quality study in PC-mirror with the raster of small lenses. Experiments have been carried out at 
second harmonics of a pulsed Nd laser with energy of 0.3 J. 

2. TRANSIENT SBS MODEL 

The SBS is described by the set of equations:11 

nn dA,    dA,      1   ,    ,     ik 
——L + — A±AL+ — 
c   dt      dz     2ik 2 

f..2 \ • 

AL=--pAs, 0) 
n 

~~2 

8AS    8AS      1 ik 
-— A.A? + — 

dt      dz     2ik   x  s     2 
%-\\As=-\-pAL> (2) 

nn       J 2 

dP    of1     rO^P    2iQ    -2^ 
dt2 

p = ^^-ALA
,

s+2iQS, (3) 
8t T T 

where AL, As and/? are slowly varying laser, Stokes and hypersonic complex amplitudes, respectively, g=ü^r^l/[4ßsn0
2c2] is 

the SBS gain coefficient, r=2/(q2T)2 is the hyper-sound relaxation time, Q=äfc-&& and q=2kL are the frequency and wave 
number of hyper-sound, n0 is the mean refractive index defined by the relationship k=n0o^/c, ßs=\/(p°vs

2) is the compressibil- 
ity of the medium, vs is the adiabatic hyper-sound speed, T=(4T]/3+Tf)/p° is the damping constant, rj and if are the shear and 
bulk viscosity, p° is the mean density. The field amplitudes are normalized so that the radiation density fluxes are equal to 
JL~\^L\

2
, "/f^Ksl2- The fluctuation Langevin force S in (3) is delta-correlated in time. Linear as well as nonlinear refraction is 

neglected here. The model is described in detail in Ref. 11. To evaluate the PC quality in the plane z=const we introduce the 
PC coefficient h= \ llALAsdr \ 2/[PsPi\, where PL and Ps are the laser and Stokes powers. 
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3. EXPERIMENT AND CALCULATIONS 

The scheme of SBS-mirror is shown in Fig.l. Laser beam with a half-width a and angular divergence 0L is coupled into the 
angular selector with transmission angle 0se!>9L. Then the laser beam goes through the ordered raster of small lenses with a 
focal length /and a size d. The main lens with focal length F focuses the laser beam into the SBS-cell of length L. The dis- 
tance between the main lens and the input window of the SBS-cell is Z,,. The laser intensity after passing through the raster 
has the specific distributions in the zones I and II, where the laser beam is broken up into the ordered arrays of beamlets. 
One of them, zone I, is the focal region of main focusing lens. An ordered spotted picture is formed in zone I. Each peak of 
this picture has a structure of angular distribution of the laser intensity incident on the raster. The angular interval between 
the peaks is equal to 0d=A/d. The smooth envelop of the peaks depends on dt'if 'only. The other specific distribution of the in- 
tensity is in zone II, i.e. focal region of the raster's small lenses. 

The steady-state linear SBS calculations10 have shown that the distribution of Stokes intensity in the pinhole plane consists 
of a discrete set of peaks or diffraction orders that is consistent with experiments.5"8. The angular separation between them 
equals 9d. A perfect PC requires only the central Stokes order of diffraction conjugated to the laser beam. Angular selection 
in the pinhole plane removes the non-zero orders of diffraction, thereby increasing the PC fidelity. A novel encouraging ef- 
fect of extremely low noising of the Stokes field was found.10 Its essence is in the fact that the angular selection of central 
Stokes mode allows achieving a nearly perfect PC when the input window of the SBS-cell is placed in a certain region be- 
tween the zone I and zone II, where the quasi-lightguide mosaic zones with the periodical distribution of the laser intensity 
are formed. If the arrangement of PC-mirror is optimal, the PC coefficient is more than 90-95% whereas the PC coefficient 
before the selection does not exceed the value of 30%. The selector transmission coefficient ksd is not maximal at optimal ar- 
rangement. To increase it, the SBS-cell should be moved towards the main focusing lens so that the zone II would be put 
within the SBS-cell. However, this increase of selection coefficient is accompanied by a noticeable decrease of PC fidelity 
after the selection. 

To carry out experiments on exciting SBS in gaseous mixtures, special gas-filled cells have been manufactured. Mechanical 
and electrical polishing permits to obtain the surface roughness of the inner walls and separate parts of the cell is less than 
0.3 um. Separate parts in the cell are joined by of copper and indium gaskets; welding works are carried out by means of 
electron beam welding. Design philosophy and technology of the cell manufacture permit to keep the initial purity of the gas 
introduced into the cell. 

The PC fidelity is significantly affected by competitive with SBS non linear optical processes, in particular heating and opti- 
cal breakdown of SBS-medium. Since both these processes are considerably determined by the degree of the impurities re- 
moval from the gas, a special system for gas cleaning from dispersed micro-impurities and filling it into the cell has been 
manufactured. The main part of this system is a filtering system designed for the treatment of working gas (xenon). The 
treatment system enables not only remove solid impurities from gases, but filling in SBS-cells with gaseous mixtures with a 
component content at given partial pressures. Two stages of gas cleaning are used in the system (after the gas cylinders in 
front of the cell). The second stage of treatment is equipped with special fine filters. As a filtering element in the fine filter 
nickel powder of the given particle size is used. Depending on the pore size of the filtering element specific degree of gas 
cleaning can be attained. Filters of the system developed allow to clean gases from particles with the size of more than 0.1 
Urn with the efficiency of -99.9999%. In order not to pollute filter during the evacuation, the latter and filling in SBS-cell 
are carried out by different routes. 

Pinhole ./V.Main lens Raster,^!   |y^ cell 

Fig.l. Schematic of the SBS-mirror 

The experiments have been carried out at the Nd laser facility 
consisted of master oscillator and two amplifiers.12 At the output 
of the second amplifier a practically diffraction-limited laser beam 
is formed with 2=1.06 um, energy 1.5 J and pulse duration 25 ns. 
The laser radiation is sent to a KD*P crystal where its frequency 
is doubled. Energy of the second harmonic radiation is <300 mJ, 
the pulse duration is 25 ns, the divergence is 310"4 rad. On going 
to the second harmonic, the laser setup is isolated from the back- 
scattered SBS component. SBS is excited in a superclean cell 
filled with a mixture of SF6 and Xe. The SF6 partial pressure is 1.5 
arm and the total mixture pressure is 28 arm. The SBS gain coeffi- 
cient is g=0.023 cm/MW, and i»5 ns. We use an eight-level kino- 
form raster of closely packed diffraction Fresnel lenses with the 
diffraction efficiency of 95% and d=0.5 mm,/=6 cm. 
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Fig.2. The dependence of the reflection coeffi- 
cient R in experiment (•) and calculations (0) 
on the laser energy at the arrangement of the 
zone I within the SBS-cell. £^=80 mJ. 

For simulating and optimizing the experiment, we conduct calculations of (1)- 
(3) in 2D approximation, which describes all features of operation of PC- 
mirror considered.10 In this case the hsd and ksei values for 3D medium are close 
to the squared corresponding values obtained in the 2D approximation. The 
transverse profile of AL and temporal behaviour of laser power correspond to 
experiment. The calculations with different realizations of the hyper-sound 

-   noise are analogous to a series of laser flashes in the experiment. 

Two configurations of SBS-mirror have been considered. In the first, which is 
typical for experiments,5"8 in the SBS-cell the both bright zones are situated in 
the sequence II+I as in Fig. 1. In the second, SBS-cell is moved away of the 
lens and in the SBS-cell the only zone I is situated so that the region of quasi- 
lightguide zones is close to input window of SBS-cell that has to highest PC fi- 
delity.10 Experimental dependency of reflection coefficient R is shown in Fig.2. 
It is in agreement with the results of calculations. 

Figs 3(a) and 3(b) give the experimental and numerical dependencies of the 
time-integrated selection coefficient ksü on the laser energy EL for two arrangements of the SBS-mirror. In the case when 
only zone I is put into the SBS-cell, mean value of ksd equals 0.3 and the great spread of £sei takes place as there is no com- 
plete diffraction mixing of the Stokes field in the transverse section of the beam.11 Putting into SBS-cell of zone II leads to a 
significant increase of kset and to a decrease of spread in its value. The results of calculations are in good agreement with the 
experimental data. 

In Fig.3(c) is shown numerical dependence of PC coefficient of selected radiation hsel on laser energy for two PC-mirror con- 
figurations. Here are given the hst\ values, which have been averaged over the pulse (i.e. the values time-integrated with a 
weight of the output Stokes power and divided by the Stokes energy). In accordance with theory,10'11 at situating zones II+I 
in SBS-cell the PC quality is not satisfactory whereas in the presence of the only zone I in the cell it is close to an ideal under 
any level of SBS saturation. The last is very important since in conventional PC-mirrors the near-to-ideal PC fidelity in fo- 
cused beams can be obtained at great reflection coefficients only." But often it results in considerable light loads and the 
growth of parasitic competitive non-linear processes in the SBS-medium. 

~g.nl      3T     B 

Hi  ]   I   I 

(c) 

Fig.3. (a, b) The dependence of the time-integrated selection coefficient kse\ in experiment (A) and calculation (A) on the laser energy at 
the arrangement of the zone II+zone I (a) and the zone I (b) within the SBS-cell. (c) Numerical dependence of the time-integrated PC co- 

efficient after selection h^ on the laser energy at the arrangement of the zone II+zone I (•) and the zone I (o) within the SBS-cell. 

It is impossible to conduct the comparison of calculations with experiment on parameter hse, in view of impossibility of its 
direct measurement. There has been conducted the detailed measurement and comparison of laser and Stokes energy distri- 
butions in front of the raster, i.e. in near field. In Fig.4 are shown the experimental dependencies of energy part in the circle 
of radius r for laser and Stokes beams at both configurations of SBS-mirror. Under processing CCD-camera images the opti- 
cal axis (r=0) is referred to "center of gravity" of the beam. At each SBS-mirror geometry 5-10 experimental curves are pre- 
sented for laser and Stokes signals, from which conclusions can be done about the spread of experimental data from flash to 
flash. It is seen that the configuration with zones II and I in the SBS-cell results in narrower distribution of Stokes energy in 
near field that is intrinsic for PC, which is far from the ideal.10 At SBS-mirror configuration with the only zone I in the SBS- 
cell, closer agreement of laser and Stokes energy distributions takes place. It conforms to calculations of PC coefficient 
shown in Fig.3(c). 

For the purpose of increasing and stabilizing £sel at keeping the high PC quality we propose to modify the SBS-mirror con- 
figuration. We must fulfil two conditions. First, the input window of the SBS-cell should be set in the field of quasi- 
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waveguide zones for achieving the high PC quality. Second, the zones I and II should be within the SBS-cell for reaching 
more high and stable values of kx\. Both the conditions can be satisfied at placing the zone II in the SBS-cell behind the zone 
I. In order to realize this, we move the raster away the main lens so that L0 exceeds the distance (F+J). Calculations show '' 
that it allows to obtain /2SC|~0.95 at &sel~0.6-0.7 with small spread in its value. 

1.0 i . 1 ——^— ^j.1 i 1.0 

02460 2 4 6 
r (mm) r (mm) 

Fig.4. Experimental dependence of energy fraction in the circle of radius r in the near field for laser (dotted curves) and Stokes (solid 
curves) beam at the arrangement of zone II+zone I (a) and zone I (b) within the SBS-cell. 

4. CONCLUSIONS 

PC has been experimentally and numerically studied of the focusing laser beam with the pulse duration about At, where ris 
the hyper-sound relaxation time, in the SBS-mirror that includes the ordered raster of small lenses and the angular selector. 
The raster allows to perform the effective angular filtration of non-conjugated Stokes component, to reduce the local light 
loads in the SBS-medium and to avoid the influence of undesirable nonlinear effects. Unlike the random phase plate, in the 
case of using the raster there are more possibilities to controllably change its characteristics. As a result of the calculations, 
an optimal arrangement of the SBS-mirror has been found with the unique properties. It gives PC fidelity that is more than 
90-95% at any laser power (beginning from the threshold one), i.e. at any reflection coefficient, whereas in conventional PC- 
mirrors the near-to-ideal PC in focused beams is obtained at great reflection coefficients only. The experimental data ob- 
tained at the Nd laser facility have shown the validity of the simulation results. Measured reflection and selection coeffi- 
cients are in a good agreement with calculations. Measured near-field laser and Stokes energy distributions are very close to 
each other in the case when calculations give near-to-ideal PC fidelity. 
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ABSTRACT 

Phase conjugation of C02 and iodine laser radiation in SBS cell placed into resonator of this same laser has been 

demonstrated experimentally. The first experimental results on simulating of operation of iodine-oxygen laser with SBS- 

mirror with the help of photolytic iodine laser are presented. The possibilities of creation of COIL with phase conjugation 

are discussed. 

1. INTRODUCTION 

Nowadays C02 lasers find a wide application for manufacturing. Investigation directed on technological iodine- 

oxygen laser creation is being carried out actively. However, the quality of radiation of such gas lasers in a number of cases 

leaves much to be desired. Phase conjugating SBS-mirrors for aberration compensating are not practically used to present 

day. The reasons of that are following. When the wavelength increases, the influence of competitive with SBS processes 

(absorption, breakdown) grows up catastrophically and finally it does not allow SBS accomplishing in usual schemes with 

relatively high SBS threshold. Resolving the problem of SBS mirror creating for C02 lasers requires the development of 

new purification technologies for SBS-media and development of low threshold schemes of SBS-mirror III. In the powerful 

iodine photolytic lasers the SBS-mirrors are used for a long time 111. So it seems very attractive to determine the directions 

of development of iodine-oxygen lasers with phase conjugation on SBS- nonlinearity using the results achieved in the de- 

velopment of photolytic iodine lasers with SBS-mirrors and low threshold scheme of SBS mirror, which we have approved 

in case of C02 laser. The main difficulty for SBS-mirrors in existent iodine-oxygen lasers is that amplification line width of 

iodine-oxygen laser medium is narrow as compared to SBS Stocks frequency shift. 

2. C02 LASER WITH SBS MIRROR 

The optical scheme of experiments is shown in Fig.l. In experiments the chemical C02 laser with excitation trans- 

fer from DF* to C02 molecules was used as laser radiation source. As SBS mirror we use a cell with Xe (59 arm, 21°C), 

located in the C02 laser resonator. The decrease of the SBS threshold was obtained due to the increase of intensity of the 

input Stokes signal when nonlinear medium was pumped by focussed opposing polychromatic beams with the frequency 

difference between monochromatic components equal to Stokes frequency shift 8vs. The optical resonator length LR (the 

length of round trip) required for effective SBS excitation was determined from the condition of equality of the frequency 

difference between the longitudinal modes of the resonator and the sound wave frequency, i.e., LR = LSBS = c/vs = (931 ± 1) 

cm. In the case of SBS excitation, the number of modes increases over the laser pulse duration (from 4 to 10), and the 
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modes are phased in gradually up to complete synchronization (Fig 2). Mode locking via SBS non-linearity is advantageous 

from the energy point of view since all modes in this case participate in the creation of acoustic grating, which increases the 

Q-factor of the resonator. As a result the radiation power and laser pulse duration increase (Fig.2,3). The energy of radiation 

emitted by the C02 laser was doubled in the case of SBS excitation. SBS excitation and the presence of phase conjugation 

are manifested most clearly in the change in laser beam divergence (Fig.la). While the beam divergence in the absence of 

SBS was equal to eight diffraction limits, the laser beam divergence in the case of SBS excitation and PC realization was 

reduced almost to the diffraction limit and the brightness of laser radiation increased by a factor of 64. 

3. IODINE LASER WITH SBS MIRROR 

The experimental results on C02 laser demonstrate the possibility of low threshold SBS-mirror application as a part 

of the resonator. They show also that the amplification line width must exceed the value of SBS Stocks shift of frequency 

8vs to make the operation of laser with SBS-mirror successful. To be more accurate it is necessary to provide conditions for 

SBS pump radiation at the frequency of v and Stokes radiation at the frequency v - 5vs to have the same amplification in the 

laser medium and for the radiation frequencies of both waves to coincide with the center of the amplification line. This con- 

dition is possible to be fulfilled in iodine laser with longitudinal supersonic laser medium flow along resonator axes /3/. 

Using small admixtures of buffer gases for increasing the velocity of supersonic flow it is possible to change the value of 

the distance between maximums of split amplification line 2AvD (see Fig.4) and make this value equal to the SBS Stokes 

shift of frequency. It is especially attractive to use the SBS-mirrors for maximization of the brightness of a iodine-oxygen 

laser with radiation output through a fibers assembly. A laser with fiber radiation output has the following peculiarity: laser 

beam in the fibers assembly splits into a number of beams, which must to be phased in the output beam (Fig.5). The photo- 

lytic iodine laser with beam splitting with the help of kinoform element and following radiation phasing in the SBS-mirror 

(see Fig.6) was investigated earlier in the work 121. Now we are presenting the first results on simulating the operation of 

iodine-oxygen laser with low threshold SBS-mirror on the base of counter propagating beams with the help of photolytic 

iodine laser (Fig.7). In the present experiments we have registered SBS excitation inside the iodine laser resonator (resona- 

tor length was equal to LR=10LSBS
=

10C/VS) and have got laser radiation divergence decreasing to 1-2 diffraction limits. 
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Fig.l. Optical scheme of a C02 laser with SBS non-linearity in the resonator: 1 - laser medium; 2 - SBS cell, 3 - lens with a 
focal length of 146 cm; 4 - BaF2 plane-parallel plate; 5 - copper mirrors; 6 - plane resonator mirror; 7 - detectors of radia- 
tion power and energy; 8 - detector of power, energy, divergence, and spectral composition of the radiation, a) - far field 
zone recorded with the help of a 50% wedge in the case of SBS excitation, a) - far field zone recorded in the absence of 
SBS excitation. 

MBT 

1.0 2.0 MKC 

Fig.3. Time dependent profile of C02 
laser radiation power in the absence of SBS 
excitation. 

Fig. 2. Time dependent profile of C02 laser radiation 
power in the case of SBS excitation and fine structure of the 
pulse at the beginning and end of oscillation. 
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Fig.4. Demonstration of amplification line splitting in iodine laser with longitudinal supersonic gas flow. 
1-amplification line for radiation passing with gas flow. 2-amplification line for radiation in opposite direction. 3- 
amplification line splitting in supersonic gas flow in the iodine laser resonator for various composition of laser medium. 

Fig.5. Concept of COIL with SBS mirror and fiber assembly. 1 - longitudinal gas flow COIL, 2 - kinoform lenses array , 3 • 
fibers assemble, 4 - feedback fiber, 5 - feedback mirror, 6 - focusing lens, 7 -phase conjugation SBS mirror with kinoform 
array, PR - real focal point of high power beam, ?i - image of focal point 

/ 

Fig.6. Demonstration of radiation phasing in iodine laser with SBS mirror and beam splitting by kinoform array. 1 - iodine 
laser, 2 - SBS mirror with kinoform array, 3 - pump beam picture at array focal plane, 4 - SBS cell, 5 - far field picture of 
output beam 

□ I ß-~u [ 
Fig.7. Optical scheme of a iodine laser with SBS non- 

linearity in the resonator: 1 - laser medium; 2 - SBS cell, 

3 - lens; 4 - R =0.13 mirror; 5 - R=0.99 mirrors; 6 - 

detectors of radiation power, energy, and divergence. 
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ABSTRACT 

Each mode inside a rectangular slab-waveguide laser consists of four quasi plane waves propagating at small 
angles to its axis and inducing specific grating of the refractive index in the slab medium. Multimode operation of such 
laser is a superposition of single modes. Each mode can be spatially separated into two high quality lobes with M2 

parameter near 1. When geometry of the slab is controlled, high stability of a mode pattern can be obtained. This effect 
is particularly strong when extra single mode selection (for example Talbot filtering) is applied. The experimental 
evidences were performed on a RF excited C02 slab-waveguide laser. 

Keywords, slab lasers, four-wave mixing, C02 lasers, laser modes 

1. INTRODUCTION 

The planar-waveguide geometry of the laser, so called slab or large area laser, is currently of great interest 
through their potential for the development of ultra-compact, high power lasers. This concept has been developed for 
basic types of: gas lasers [1], solid-state lasers [2], and semiconductor lasers [3]. The slab laser of the length L has a 

0 = A.m/2w 

r , experimental result 
slab dimensions ***^*^^   j        (near field) 

Fig. 1. Two standing wave model 
of waveguide EH2o,i mode forming 
in a slab laser. 

box-like shape were the transverse dimension a is much smaller compare to the lateral dimension w. As a result of it the 
large difference between lateral Nx=w2/7d»l and transvere Ny^cf/XLkl Fresnel numbers occurs. We will refer to this 
configuration simply as a slab-waveguide one. The lasers with slab-waveguide resonators have the advantages of 
attaining high uniformity of gain saturation and consequently highest output powers. The slab-waveguide resonator is 
characterised by its own oscillations or modes. The ideal, unperturbed amplitude profile of these modes is given by: 

Jmn M= cos 

sin 

max 

V w J 

cos 

sin 

•   nny cos. 
where       > for m. 

sinj 
i „HI 

[evenj 
integers, 0) 

This waveguide mode is called EHmn. In general case the output of the laser can be a mixture of a few EHm„ modes. The 
number and the order of modes depend on the gain spectrum of the laser medium. The consequence of the small Fresnel 
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number for the transverse dimension is the fundamental waveguide mode propagation («=1). The lateral dimension with 
the large Fresnel number is responsible for propagation of high order waveguide modes (/w.»l). One selected mode 
EHm, formed in the slab-waveguide structure can be imagine as the picture of two standing plane waves interfering at 
the angle &=Am/2w, in a way shown in Fig.l [4]. The rectangular frame on the interference pattern indicates the borders 
of the slab. As can be seen from the model in Fig. 1 the interference pattern on both mirror planes consists of 10 
interference maximums and 10 minima, creating the EH20j mode. 

2. INDUCED GRATINGS IN SLAB LASERS 

Four-wave mixing (FWM) is the one of the main techniques of non-linear optics. The interaction of coherent 
waves in optical media can be understood as a forming of an optical grating due to interference in a mixing region [5]. 
Crossing of two running waves E( and 
E2 (pumping waves) and the third one 
E3 (probe wave) induces a periodic 
spatial modulation of optical nonlinear 
material (Fig.2) as a grating (phase or 
amplitude) of refractive index. When all 
waves have the same frequency 
(degenerate mixing), the grating is 
static. It looks like a "frozen" 
ultrasound wave. The E] and E3 waves 
induce a grating of refractive index with a period A given by formula 

Fig. 2. The    illustration    of 
degenerate four-wave mixing 

A = 
2«rsin(0/2)' 

(2) 

where:   0 - angle between Et and E3 waves, Ä - light wavelength, nr - refractive index of medium. The grating of 
length L fulfils conditions for the Bragg or thick holographic grating when the Klein-Cook parameter Q [6]: 

ITTLA. 
»l. (3) 

For this condition the grating created by the E,/E3 waves is thick enough to diffract in Bragg manner the part of E2 into 
the E4 wave, so called a phase conjugate reflected wave. The reflection coefficient R defined as the ratio of the 
diffracted wave intensity l4 to the probe wave intensity I3 takes the form [7]: 

R=
l± = tan2 

7A,?4 (4) 

where: An is the amplitude of refractive index changes induced by E,/E3 Bragg grating. One can see the full analogy 
between the model of wave structure in the slab laser (see Fig.l) and a diffraction grating structure created in the four- 
wave mixing process (Fig.2). Four wave crossing itself introduces interference in the frame of nonlinear medium. The 
gain and absorbing media are good candidates for the four-wave mixing. The dominant role in the process of four-wave 
mixing plays so called the large period grating illustrated in Fig. 1 with the period given by formula (2). Depending on 
the nature of nonlinear medium described generally by a complex refractive index n£I,v), (I is the intensity of radiation 
and vis the frequency of the light), we can distinguish three kinds of gratings. The amplitude gratings, when the wave 
interference induces only the modulation of an imaginary part of a refractive index (absorptive/gain media), or the 
phase gratings, when only a real part of a refractive index is modulated (typical for ultrasound waves). The mixed 
grating can also appear, when both above effects occur. 

Assuming a homogeneously broadened laser gain transition as it is for waveguide C02 lasers under the 
experimental conditions used, the general form of the medium susceptibility, x- is given by [8, 9]: 

f(AA)= 
2g0 i + A 

k   \ + A2+I/L 
(5) 
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where: k=2n/A, g0 is the small signal gain, Is is the saturation intensity, / is the intracavity intensity, A is the normalised 
frequency detuning from the line centre w0, given by A=2(co-co0)IAco, where Aa> is the width of emission line. The 
change of refractive index An£I,A) induced by the wave with the intensity / is given by: 

i + A     / X 

Anr(l,A) = \Z(l,Ahf 
(1 + A2)2 / 

= An, '+zAw„ (6) 
s ) 

In the case of two intersecting standing waves, eq. (6) may be used to define either a system of two phase 
gratings (real part ^/responsible for the phase grating) or two amplitude gratings (imaginary part Anr" responsible for 
the amplitude grating): 

An' = go 

(l + A2)2 's 
and Aw " = go 

(l + A2)2 h 
(7) 

For the case of C02 slab-waveguide lasers, laser oscillation is usually quite close to the line centre (A«l) because of 
the phenomenon of line hopping. Bellow, we consider only the case of the amplitude grating formed in the laser 
medium. Assuming typical conditions of RF excited slab-waveguide C02 laser operation (the saturation parameter IIIs» 
1, the small signal gain g0 = 0.3 m"1, A = 10.6 p.m., [10]), the estimated changes of the refractive index An," » 0.5 10"6. 

3. SELF-PHASE-LOCKING EFFECT OF MODE CONTOL 

According to the discussion presented above sepatate single mode induces an amplitude grating with the Klein- 
Cook parameter Q depending on the mode EH„, order. Assuming that the grating fulfils the Bragg condition there will 
be four elementary Bragg diffractions at the common grating formed inside the slab resonator. The Fig.3 explains this 
phenomenon, for example: £/ is a 
part of the wave E4 (diffracted at 
the     common     Bragg     grating) 
running in phase with E2. Three 
more similar coupling patters can 
be   recognised   similarly,   as   is 
shown in Fig. 3. All above effects 
are responsible for i nternal mutual 
coupling  between   all  mentioned 
waves.  This phenomenon  should 
cause self-stabilisation of the laser mode. It means that such self-sustained laser mode with the internal coupling should 
be more resistive to the lateral distortion of the refractive index. 

We have investigated this effect in the RF excited slab-waveguide C02 laser operating on A = 10.6 urn. with 
the slab dimensions: L = 400 mm, w = 20.7 mm, a = 2 mm [4]. According to (3), the Klein-Cook parameter Q depends 
on the period A = w/m. of the grating. The length L of the slab is an equivalent of the Bragg grating length (see Fig .1 
and Fig. 2). The main requirement for the mode order m, which ensures effective Bragg diffraction, can be written as: 

Fig. 3. Explanation of four 
elementary Bragg diffraction effects 
in the slab laser. 

m» w. 
In AL 

(8) 

The Bragg condition requires smaller A. For our slab waveguide geometry the condition Q>\ is satisfied for m=5, 
Q(m=5) = 1.7. To estimate the Bragg reflection of one diffracted beam (see Fig.2) as the result of the four-wave mixing 
process under our experimental conditions in slab C02 laser, we consider only the amplitude induced Bragg grating 
Odwr = Anr"). The elementary estimation from 
formula (4) reflection R * 7 10"3, which is the TX     PZT 

measure of the internal coupling. To say more 
clear, for our slab laser with the output power 
of 100W, with 10% transmission of the output 
coupler   mirror,   we   can   estimated   the 
internally   oscillating   power   in   the   slab 
resonator approximately 10 times higher, it means lkW shared in two waves. This allows estimating the power of each 
wave as high as about 500W. According to (4) the power of 0.35W is diffracted in the Bragg manner. 

slab laser 

total reflecting 
mirror 

output 
mirror 

PZT Fig. 4. The    scheme 
of pure mirror tilting. 

ProcSPIE Vol. 4184 455 



To find the evidences of coupling caused by the mutual leaking of the Bragg diffracted waves in the slab we 
observed the mode structure of the laser, multi-mode and single-mode operation. The number of gratings appearing is 
equal to the number of oscillating modes. For multi-mode case they overlap and saturate the gain inside of the total slab 
volume washing-out any induced grating. For this case we can not expect any effect of FWM. For single-mode 
operation, when the induced grating is very well defined, we can expect the mutual coupling of the Bragg diffracted 
waves. Because the internal coupling improves the self-stabilisation of the waveguide mode, one can expect higher 
resistance to the lateral disturbances of the laser resonator. As a measure of the coupling effect we introduce the angle 

Mllli 
t«#6##n$i tmtm*mm*n< 

alock « 20 urad a)ock * 60 urad a,^ « 70 urad 

Fig. 5. Three cases of the output 
mode pattern from the slab- 
waveguide laser: multimode 
(left), single EHI0I mode 
(middle), single EH20,i (rigth), 
registered at near-field plane 
(lower pictures), and the far-field 
plane (upper pictures). 

cciock of mirror tilting throughout which the single mode is still kept. The continuation of the tilting causes jumping of 
laser operation into the new mode. The Fig. 4 explains the measurement procedure. The pure mirror tilting was obtained 
by precise PZT mirror driving. Three cases of the laser operation registered for near and far field planes (Fig. 5). The 
Fig. 5a illustrates the multi-mode operation of the slab laser. As can be seen, the near field for this case is almost totally 
filled up with the laser radiation and any grating structure can be identified. In that case the laser operated in four modes 
which are better recognised in the far field. The locking angle atock of the laser mode, did not exceed 20 urad for this 
structure (for each mode). Forcing the laser to the single-mode operation, in the EHl0J (Fig. 5b) or EH20,i (Fig. 5c) 
modes, we found the locking angles alock = 60 urad and alock = 70 urad, respectively. So, the single mode operation 
accepts much higher lateral tilting. It can be explained by self-stabilising mechanism caused by the internal Bragg 
FWM coupling between the running waves inside the slab resonator. For the EHW/ mode the Klein-Cook parameter 
was Q = 6.7 and for the EH20.i mode Q = 24.8, and they fulfil conditions for the Bragg diffraction. 

CONCLUSIONS 

The effect of four-wave mixing in the nonlinear lasing medium in the slab-waveguide laser has been 
demonstrated. We emphasised the analogy between four-wave mixing and the mode structure inside the slab-waveguide 
resonator. As a result of it the self-control of high order slab-waveguide modes was observed. The effect is not very 
strong in gas media. One can, however, expect much more effective four-wave mixing process in solid state and 
semiconductor lasers, because of their high gain. The Bragg induced gratings formed in such slab structures can have 
larger contrast and should be more stable. 
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ABSTRACT 

The spatial and temporal characteristics of the laser beam extracted from the industrial high power cw C02 laser are 
investigated experimentally and analysed. The beam properties are compared for two optical stable cavity configurations 
characterised by the different values of the Fresnel number. It is found that the beam shape fluctuations, observed for both 
cavities, are mainly due to the mechanical vibrations of the laser construction. The cavity of the lower Fresnel number emits 
the beam of better quality and provides better focussing condition in the processing zone. 

Keywords: High power cw C02 laser, measurements, laser beam properties 

1. INTRODUCTION 

Increasing requirements for a high quality material processing stimulate investigations of the space and temporal 
behaviour of the laser radiation. It is known that in the case of a high power, transverse-flow, DC excited C02 lasers the 
fluctuations of the active medium parameters and resonator properties produce variations in the laser output beam 
characteristics. Mechanical vibrations of the optical cavity elements, fluctuations of the active medium density and the gain 
and saturation intensity variations are considered to be the main factors responsible for the instabilities of the laser beam 
parameters 1'3. They can influence strongly the quality of the industrial processes accomplished by the laser devices. 

The purpose of this paper is to analyse the stability of the output beam characteristics for the industrial, transverse-flow, 
cw C02 laser 4 excited by a self-sustained DC electric discharge and working at the output power range up to 1.2 kW. The 
laser serves as a processing tool for cutting, hardening and surface treatment so the analysis of the factors influencing the 
stability of the laser output parameters is essential. Parameters characterizing the output beam are investigated for two 
resonator configurations described by the different optical and active medium length. Results concerning the laser power 
stability, temporal behaviour of the beam intensity distributions and beam propagation characteristics are discussed. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

2.1. Laser resonator characteristics. 

Measurements of the beam parameters were performed for a transverse flow cw C02 laser source used for industrial 
purposes and operating typically at 500 - 1000W. The laser output characteristics are controlled by the pressure of the 
working mixture (C02:N2:He =1:9:15) in the range of 30-40 Torr and the excitation current of 7 -10 A. The optical cavity is 
a half-symmetric, stable resonator folded in the flow direction in order to cover the whole cross-section of the active 
medium with the field radiation. The resonator optics comprises mirrors of circular symmetry with the effective diameter of 
20 mm. In the three-pass configuration (n=3), two flat folding reflectors are used while in the four-pass configuration (n=4) 
three reflectors fold the beam path across the discharge chamber. The resonator length of the three-and four-pass 
configuration is 3.9 m and 5.2m, respectively. The radius of curvature of the inner concave-convex ZnSe output coupler of 
50% reflectivity equals 10 m. The Fresnel numbers of considered resonator configurations are Nf = 2.42 for a three-pass 
cavity and Nf = 1.81 for n = 4. The resonator is mounted inside the chamber, and the beam is extracted through the 
antireflection-coated flat window (ZnSe) of 99.5% transmittance. The laser output beam is guided to the processing region 
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by the optical train of 4.3m in length, composed by three flat mirrors. The beam measurements were performed for the laser 
working at lkW, in the region close to the focal plane of a focusing lens (ZnSe, f = 127 mm.) incorporated into the 
processing head closing the beam guiding system. 

2.2. Beam shape and output beam power stability measurements 

The temporal behavior of the laser beam was investigated by the detailed analysis of the power density distributions 
recorded at the different time instants. They were measured with the use of a diagnostic system5 developed at IF-FM for 
monitoring the laser beam properties. The instrument uses a hollow rotating needle with a pinhole of a diameter chosen 
respectively to the size of die analysed beam. The recorded spatial beam profiles are represented by a two-dimensional, 
60x60 array of values corresponding to the local power densities, which are measured versus the pinhole location in the 
beam zone by the IR detector. Recording time of the two-dimensional beam profile amounts to 1.6 s. 

0.00   0.18   0.36   0.54   0.71    0.89   1fl7    1.25 QjOO   0.18   0.36   054   0.71    0.8B    1.07    1.25 

x[mnti 

Fig. 1. Average beam power density distribution for 3- and 4-pass cavity (a), and typical beam profiles between the beam oscillates (b) 

The examples of the laser power density distributions across the laser beam recorded for three- and four- pass cavity 
are shown in Fig. la. Although the values of the Fresnel numbers of the investigated resonators are not so much different 
(1.8 and 2.4), the differences in the beam shape are distinct. The four-pass 
cavity characterised by the less value of Nf and thus higher diffraction 
losses, produces the beam of a simpler spatial structure, determined by the 
superposition of the lower order modes (e.g. TEMoo and TEMoi). In the 
case of three-pass resonator, the mode structure is more complex and it can 
be ascribed to the superposition of TEMoo, TEMoi and TEMo2. 

The beam symmetry is determined by the symmetry of the optical 
system as well as by the symmetry of the active medium parameters. 
A non-uniform gain profile, typical for C02 transverse-flow lasers, is 
responsible for symmetry distortions of the recorded power density 
distributions. It is also the reason for the different mode structure of the 
field distributions measured in the directions orthogonal to the beam axis. 
Different level of the symmetry distortions observed for the four and three- 
pass cavity is due to the differences in the aligning accuracy related to the 
different optical lengths of the cavities under consideration. 

In order to detect the beam shape changes faster than those described 
above, the option of the scanner operation allowing for the fast recording 
of ID cross-sectional profiles was used. In the experiment 1200 profiles 
through the fixed cross-section of the beam were recorded during 30s as 
a single 1200x60 matrix. Each row of 1200x60 matrix represents the beam 
profile given by 60 measurement points corresponding to 60 different 
locations of the rotating pinhole in the radiation field. One cross-sectional 
profile is recorded during 0.3 ms. Successive rows give the beam profiles 
recorded at time intervals of 28 ms. Reading the 1200x60 matrix by 
"columns" gives the temporal variations of the local value of the beam 
intensity corresponding to the same position of the rotating pinhole in 
relation to the beam gravity center. 

The detailed analysis of ID profiles shows that for both considered cavity configurations the beam shape fluctuates 
between characteristic profiles, which are depicted in Fig.lb This conclusion is supported by the profile records given in 

"\,J    0«7 

Fig. 2. ID profiles registered in the x-direction 
for 3- and 4-pass resonator. Profiles recorded 
during 0.14s at time intervals of 28 ms 
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Fig.2. For the three-pass cavity the beam profile fluctuates between the double lobes mode and the one with a central 
maximum surrounded by two lobes of lower intensity. In the four-pass cavity case, the beam profile changes from the 
double lobes mode to a single one of TEMootype and then it attains its former shape. The observed fluctuations of the beam 
profiles occur periodically with the period of about 80 ms what corresponds to the oscillation frequency of 12 Hz. 
a) b) 
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Fig. 3. Time variations of the local value of the beam intensity (a) and the position of the beam gravity centre calculated as the first 
moment of the recorded field distributions (b) - for two resonators configuration. The 'scT parameter indicates the standard deviation of 

the field intensity and position of the first moment, respectively. 
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Fig. 4. Comparison of FFT spectra characteristic 
for 3- and 4-pass resonator 

Time variations of the local value of the beam intensity, 
corresponding to the same position of the rotating pinhole, close to the 
beam center, are compared for both investigated resonators in Fig.3a. 
Fluctuations of the position of the beam gravity centre calculated as the 
first moment of the recorded distributions are depicted in Fig 3b. For 
three- pass cavity the local value of the beam intensity as well as the 
beam gravity centre are subject to the fluctuations of higher amplitude 
compare to those recorded for the four-pass cavity. It indicates that the 
mode structure of the beam from the four-pass cavity is more stable in 
time than the one with higher content of the higher order modes 
produced by three-pass cavity. 

The FFT frequency spectra of the beam intensity oscillation for 
both cavity configurations are presented in Fig. 4. The components 
corresponding to the frequencies from the range of 10 - 16 Hz can be 
identified as the oscillations due to the mechanical vibrations of the laser 
construction6. Note that the frequency of abt. 12 Hz was also found as 
a frequency of the beam shape fluctuations (Fig.2). Higher amplitude 
values of the FFT components, found for the four-pass cavity prove its 
higher sensitivity to the mechanical vibrations. 

2.3. Beam propagation characteristics 

In order to determine the beam quality factor and the far field divergence the beam power density distributions were 
recorded at several locations in relation to the focal plane of the focusing lens. At each location, the beam diameters were 
calculated on the base of the second moments of the recorded spatial power distributions. The characteristic beam 
parameters were determined from the propagation law of the laser beam. The hyperbolic fit to the data following the beam 
profiles measurements allows to find the beam quality parameter M ", size of the beam waist and its location. The results 
concerning the beam diameters measurements, performed for the considered cavities, are gathered in Fig.5 and Table 1. In 
the case of three-pass resonator the beam quality parameter M2 was estimated to be in the range 3.5 -4.1 while for the four- 
pass resonator the value of M 2 concluded from the measurements was abt 2.1-3.2. These results confirm our previous 
conclusions concerning the different mode content of the beam from the cavities of n=3 and n=4. The cavity of the lower 
Fresnel number emits the beam of the better quality and provides condition for the smaller size of the focused beam waist 
and thus for the higher power densities in the processing zone. The beam asymmetry (dx^.dy) is noticeably higher for the 
four pass cavity and is described by differences observed for the beam waist as well as for the divergence values measured 
in two transverse directions. It is mainly the result of the different mode content of the beam profiles along the x- and y- 
directions, especially noticeable for the four-pass cavity case. 
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Tab. 1. Parameters of the lkW laser beam focused by a lens of 127 mm focal length 

focus diameter [mm] divergence [rad] M2 

3-pass resonator dx = 0,36 / dy = 0.33 6X = 0.16 /6y = 0.15 Mv
: = 4.11 /M,: = 3.53 

4-pass resonator dx = 0,3 l/dy = 0.25 ex = o.i5/ey = o.ii Mx
2 = 3.18/My

: = 2.09 

1.4- ■\ n = 3 
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Fig. 5. Beam diameters vs distance from the focal plane of the focusing lens (f=127mm) for the lkW C02 laser, measured for the three- 
and four- pass cavity 

3. CONCLUSIONS 
The aim of the performed analysis was to compare the spatial and temporal characteristics of the radiation beam from 

the industrial transverse-flow cw C02 laser for two different stable resonators configurations, characterised by the different 
Fresnel numbers. The analysis of the temporal behaviour of the laser beam profiles recorded at different instants of time 
proved that the beam shape fluctuates between characteristic profiles corresponding to the different contents of the lower 
order modes. From the FFT analysis performed for the intensity signals measured at the fixed point of the beam profiles 
follows, that the mechanical vibrations of the laser construction are mainly responsible for the observed beam profiles 
fluctuations. Values of the beam quality parameter and beam divergence calculated from the propagation characteristics 
confirm the fact that the cavity characterised by the lower Fresnel number emits the beam of the better quality and provides 
condition for the smaller size of the focused beam waist and thus for the higher power densities in the processing zone. 
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Unstable Resonator for COIL 

Wolfgang O. Schall, Thomas Hall, Jürgen Handke 
DLR - Institut für Technische Physik, Stuttgart, Germany 

ABSTRACT 

An unstable double-pass resonator of the hybrid, confocal type has been designed for outcoupling the radiation of a 10 kW 
chemical oxygen-iodine laser (COIL) with optimum beam quality. The single pass gain length is 20 cm and the measured 
small signal gain is 1.1 m"1. The near and far field mode distributions have been calculated by solving the Kirchhoff-Fresnel 
integral for optimum mirror alignment as well as for a misaligned resonator. A particular problem is the provision of glass 
mirrors with large radii of curvature for the preferred resonator of the positive branch. These radii are a consequence of the 
low total round trip gain of smaller COELs. The problem has been solved by using one-element adaptive mirrors. A second 
problem has been identified in the high sensitivity in angular adjustment of the resonator mirrors. 

Keywords: COIL, unstable resonator, hybrid resonator, adaptive resonator 

1.   INTRODUCTION 

At its Lampoldshausen site DLR (German Aerospace Center) operates a supersonic chemical oxygen-iodine laser (COIL) of 
the 10 kW-class. The flow cross-section in the laser cavity is only 20 x 2.5 cm2 wide. The radiation is coupled out with a 
conventional stable resonator. For maximum power the optimum coupling mirror transmission is 8%. The resonator has a 
length of 90 cm, a cross-section of 37 x 25 mm and extracts more than 95% of the power available for output coupling. 
Rigrod-type measurements with various degrees of coupling have shown a maximum permissible coupling fraction of 30% 
for the extraction of power1. This value corresponds well with direct measurements of the maximum small signal gain 
coefficient of 1.1 m"12. 

Positive Branch Resonator Negative Branch Resonator 

L_R2-— h—Bi 

i    1        _ ■  \Y< 
k   ►! 

Fig. 1 Principle of unstable confocal resonators with external focus of the mirrors (left) and internal focus (right). 

A stable resonator of reasonable dimensions runs in a high multimode and has a large mode volume. It is therefore well 
suited for the extraction of high powers and it is also easy to align. However, this advantage is associated with a large beam 
divergence and thus with a beam quality that is far from what is required for the general applications of such a laser. It is 
well known, that this problem can be overcome with a resonator of the unstable type. As shown in Fig. 1 two basic types of 
a confocal unstable resonator can be distinguished, one having an external common focus of the mirrors (positive branch 
resonator) and one with internal focus (negative branch)3. The so-called magnification is equal to the ratio of the radii of the 
two (spherically symmetric) mirrors M = a2/ai and describes the outcoupled fraction of the mode volume by simple 
geometry. M is a measure for the amount of power (intensity) that can be concentrated in the central peak of the far-field 
mode pattern. Minimum power in the side maxima is obtained only for large M. It is the dilemma of small and medium 
sized COILs that only a small percentage of the intracavity power can be coupled out without a serious loss in total laser 
power. This implies a small M and hence a small fraction of power in the central peak, as well as a thin and difficult to 
adjust output coupling ring for conventional unstable resonators with spherical mirrors 4. One way for improving this 
situation has been suggested first by Anan'ev et al.5 in 1979 and investigated for a COIL by Latham et al.    in 1990. 
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This resonator utilizes an oblique roof top reflector to turn the phase by 90° with each pass. It is relatively elongated, 
complex and cumbersome to install and to adjust. Nevertheless, this type of resonator has been used successfully by the 
Dahlian group 7 more recently. 

2. HYBRID UNSTABLE RESONATOR 

For spherically symmetric resonator mirrors the magnification is defined as M = 1/(1-T2), the transmission T entering with 
squared power. However, for a one-dimensional, cylindrical mirror the relation is M = 1/(1-T), giving a higher 
magnification for the same degree of transmission. While being unstable in the curved direction it is of indifferent type 
(Fabry-Perot) in the other direction. Stability in this direction could be enforced by introducing a slightly focusing element 
into the resonator. Using only one half of the symmetric arrangement of Fig. 1 doubles the relative size of the now 
rectangular output coupling aperture. This type of resonator in both configurations according to Fig. 1 has been successfully 
applied in different versions of C02 slab lasers . The rectangular cross-section of a COIL cavity, bound by the duct walls on 
top and bottom and having some extension in flow direction, naturally lends itself for the application of a hybrid resonator. 
In addition, the setup of such a resonator is rather simple. 

For the 10 kW COIL a hybrid, unstable resonator has been considered with the following geometrical characteristics: A 
double pass configuration in vertical direction is utilized to increase the gain length. The resonator width in the flow 
direction is equivalent to that of the stable resonator. Under these conditions a simplified numerical analysis of the laser 
kinetics and an outcoupling of radiation with various degrees of transmission results in an optimum coupling fraction in the 
range of 13 to 18%, depending on the assumed resonator losses, and the laser stops oscillating at a coupling rate of more 
than 55%. Hence, an outcoupling with a transmission of 14.5% has been selected for a more detailed numerical inspection. 
This value corresponds to a magnification of M = 1.17. A resonator length of 3 m, basically determined by the given laser 
geometry, then requires the following mirror radii (definition see fig.l): positive branch resonator R] = -36 m (convex 
coupling mirror) and R2 = 42 m (total reflector - back mirror), negative branch resonator Rj = 2.77 m and R2 = 3.23 m. 
Although the radii of the negative branch resonator seem to be much more conventional, this type has been set aside for a 
first test because a) of the potential danger of a breakdown at the internal focal point and b) for the necessity of very precise 
mirror radii. Fig. 2 shows the chosen arrangement schematically. On one side of the cavity the beam is folded and returned 
by a roof-top reflector. The aperture of the emitted beam has a size of 6 x 11mm. The two passes are separated by 2 mm to 
reduce mode interference between the two passes. 

The two-dimensional near-field distribution of the resonator 
with the given dimensions has been analyzed numerically in 
the   following   manner:   Starting   with   an   arbitrary   field 
distribution,   for   instance   on   the   coupling   mirror,   the 
distribution on the total reflector is calculated by solving the 
Kirchhoff-Fresnel integral. In an iterative procedure this 
distribution is then used to find the distribution on the first 
mirror and the procedure is continued until the distribution 
on one mirror differs between two consecutive runs only by a 
constant complex factor and is therefore identical in shape. 
This is the stationary mode distribution of the resonator. The 
loss of the resonator can be inferred from the complex factor. 
The calculated near-field mode distribution is shown in Fig. 
3. As marked in the figure the fraction of the distribution 
between 3.2 cm and 3.8 cm leaves the resonator. The actual 
percentage of outcoupled power is 15.4 % and the losses 
from radiation escaping in vertical direction amount to 
1.7 %. In the far field the distribution assumes the profile 
shown in Fig. 4. As before it is found from transformation 
of the de-coupled near field by solving the Kirchhoff-Fresnel integral. More than 95% of the power is contained within a 
peak of 0.5 x 0.3 mrad divergence (power in the bucket). 

Outcoupler 
Nozzle Array 

Total Reflector 

Fig. 2 Principal arrangement of the hybrid double-pass 
resonator 
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Fig. 3 Calculated Near-field mode distribution Fig. 4 Calculated far-field mode distribution 

3. EXPERIMENTAL SETUP 

No manufacturer of glass mirror substrates is able to produce mirrors without undue effort with the specified large radii of 
curvature and sufficient accuracy in a cylindrical geometry. This problem has been overcome by using 4 mm thick glass 
slabs. If the slabs are securely fixed on one side and a force is exerted on the free side, the slabs are bent to a parabolic 
shape. In order to match the bending curve most closely to a circle for the mirror shape, the bending force has to be selected 
such that the free end point of the mirror has the same displacement as a circular mirror surface with the desired radius. The 
maximum separation of the two curves, and hence the maximum phase difference, is less than one wavelength. The 
adjustment of the correct bending radius is done in an interferometer by increasing the displacement at the outer edge of the 

mirror until the correct number of stripes is obtained. As the 
pushing element a piezo driven "Picomotor" is used from New 
Focus. The mirror with adjustable displacement at the end point 
has the feature of a 1-element adaptive mirror. A certain difficulty 
in adjustment to the correct number of stripes arises from the fact, 
that the fixture of the mirror slabs is not totally solid. Therefore, 
with increasing load a tilt is superimposed to the bending, resulting 
in the  appearance  of additional  stripes.  However,  since the 
distances between the stripes from the two sources follow different 
laws (the stripes from the tilt are equidistant) they can be separated 
numerically and the loading adjusted accordingly in an iterative 
procedure.   The  finite   number  of  stripes,   as   well   as   some 
difficulties to count the correct number limit the accuracy for 
matching the desired radius  of    the  mirrors to  a value of 
approximately +1-2 m of the nominal radius. Fig. 5 is a photograph 
of the laser with attached box for the two reflection mirrors. 

Fig. 5 COIL with attached mirror box 

4. ALIGNMENT SENSITIVITY CONSIDERATIONS 

The resonator is aligned with the aid of two HeNe lasers. The fundamental alignment of each mirror is possible with an 
accuracy of 0.1 mrad. A basic adjustment can be made by reflecting the HeNe spot on the optical axis back onto itself. If 
the reflection of the laser mirrors for the HeNe wavelength is sufficient to observe several passes of the beam, then the 
alignment can be improved. For this purpose the alignment beam is introduced through the coupling opening. Geometric ray 
tracing calculation tells the necessary offset of the beam spot on the mirrors after each round trip through the resonator. It is 
expected, that the initial accuracy of the adjustment may not be sufficient for an instantaneous onset of the laser oscillation, 
i.e. upon flowing the inverted medium into the laser cavity. Therefore, the calculation of the mode distribution has been 
performed for the situation if one of the mirrors is offset from the ideal alignment angle by a certain degree in order to 
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determine the resulting coupling and total losses. One result is 
shown in Fig. 6 for a tilt of one mirror in flow direction. A tilt in 
outward direction basically increases the outcoupled fraction of 
power, while a tilt in inward direction quickly results in the loss 
of power. The situation is further impaired if a tilt in vertical 
direction is superimposed as well. The scatter of the data is a 
consequence of a shift in the mode distribution by the tilt. A 
mismatch of both mirrors at the same time is less significant if 
the two mirrors maintain a certain parallelity. It can be achieved 
by adjusting one of the mirrors only. The domain of acceptable 
angular mismatch is smaller than 100 urad. Therefore, as 
suspected, it is unlikely that the laser starts oscillating 
instantaneously. A computer controlled search strategy will be 
applied in order to first find laser power at all and later for its 
optimization. Due to the basic principle of the setup even an 
adaptive control of the mirror radii is possible. 
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Fig. 6 Alignment sensitivity to mirror tilt in flow 
direction . 

5. CONCLUSIONS 

A geometrically simple resonator has been designed for extracting a large percentage of power at maximum beam quality 
from a COIL with small total round trip gain. This resonator is of the hybrid, unstable, confocal type. Computation of the 
mode field distribution shows excellent beam quality in the far field with over 95% of the outcoupled power within the 
central peak with 0.3 x 0.5 mrad divergence. One drawback of the resonator in the positive branch configuration with an 
external focus of the mirrors is the need for cylindrical mirrors with very large radii of curvature. This difficulty has been 
solved by designing one-point adaptive mirrors with adjustable radius of curvature. The radius of curvature is set in an 
interferometer prior to the insertion into the resonator. Another difficulty of the resonator is the high accuracy required for 
the mirror alignment. Since it is higher than achievable by conventional ray adjustment with a HeNe laser beam, a computer 
controlled mirror alignment will be implemented. 
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ABSTRACTS 

We discuss the system of laser energy delivery to a remote object using joint action of high-sensitive phase conjugation 
mirror and of dynamic hologram in optically addressed liquid crystal spatial light modulators. This scheme (the scheme of 
"frozen" phase conjugation) makes it possible to use the advantages of phase conjugation application in laser systems, whose 
radiation can be hardly subjected to standard methods of phase conjugation. 

Keywords: adaptive optics, phase conjugation, dynamic holographic correction, Brillouin-enhanced four wave mixing, 
BEFWM, liquid crystal spatial light modulator 

It is well known that application of phase conjugation1'2 makes it possible to solve numerous tasks of laser optics, 
such as compensation for laser amplifier distortions, self-delivery of radiation to an object etc., and thus to create 
sophisticated laser systems of various kinds. However, realization of traditional approaches to phase conjugation, such as 
stimulated Brillouin scattering (SBS), four-wave mixing in thermal, Brillouin or other media etc. imposes very strict 
limitations onto the coherent properties of laser radiation, its temporal profile and absolute intensity. Fulfillment of these 
requirements is often in a contradiction with provision of high efficiency of laser systems, and in many cases the designer of 
laser system has to reject the use of phase conjugation and to substitute it by more expensive and less efficient tools, such as 
traditional adaptive optics etc. 

Last several years have brought fast progress in development of a little bit different approach to application of 
nonlinear-optical analogous methods in adaptive optics. It is based on the use of dynamic holographic correction of 
distortions. The coherent radiation from an auxiliary source, which has passed through the optically inhomogeneous area or 
optical system, records the hologram together with the undistorted reference wave. This hologram can work as the corrector 
for distortions. Illuminated by distorted waves, it reconstructs the non-distorted wave. 

The use of dynamic holograms has made it possible to provide the real-time correction. Especially interesting and 
promising are the dynamic holograms in optically addressed spatial light modulators (LC OA SLM)3 (see Fig.l). Such 
sandwich-like devices are comprised by several layers. The key layers are that of photoconductor (semiconductor) and of the 
liquid crystal (LC). The interference pattern illuminates the photoconductor layer The photo-induced charge carriers are 
accumulated on the boundary of the LC layer, modifying thus the optical properties of the latter. So the efficient thin 
dynamic hologram can be recorded. To this moment there were realized the values of diffraction efficiency of such 
holograms, close to its theoretical limit (35-40%)4. Recently there was also proposed special approach to such holograms 
record (blazed holography), promising nearly 100% diffraction efficiency to the working order of diffraction5'6. Standard 
value of sensitivity of such devices fills to the range lO^.-lO"6 J/cm2 (pulsed record). The hologram can be renewed with the 
repetition rate of 10.. 1000 Hz and more. 

Very important advantage of such device is the thin (plain) nature of the recorded dynamic hologram. It means that 
the hologram can be efficiently reconstructed in rather wide spectral range and can be thus applied to correction in 
incoherent and non-monochrome radiation. For example, in the paper7 the appropriate quality of correction of distortions 
was observed in the system, working in the overall visible spectral range. 
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Fig.l. OA LC SLM design: 1 - flat glass substrate, 2 - AR coatings, 3 - transparent electrodes, 4 - alignment layers, 5 
photoconductor, 6 - opaque blocking layer, 7 - dielectric mirror, 8 - spacer, 9 - liquid crystal. 

Fig.2. "Frozen" phase conjugation application to radiation delivery to remote object. In the Figure: 1 - laser source of 
radiation with nanosecond pulse duration, 2 - remote object, 3 - brightness amplifier of nanosecond radiation, 4 - high- 

sensitive (BEFWM) phase conjugation mirror, 5 - power amplifier, 6 - beam-splitters, 7 - OA LC SLM with internal mirror, 
8 - long pulse or CW laser. Direction of radiation propagation is shown by arrows, single line corresponds to propagation of 

nanosecond pulse radiation and double line - to radiation with long pulse or CW. 
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The primary goal of developing this technique was caused by possible applications in imaging systems, such as 
astronomy and Earth surveillance telescopes (see, for example, paper8, where this technique was applied to the primary 
mirror of model telescope), microscopes etc. However, the same schematics can be readily applied to correction in various 
kinds of lasers and lasers systems. The dynamic hologram, recorded in OA LC SLM can successfully replace the four-wave 
mixing cell (i.e., in fact, the same dynamic hologram) in traditional scheme of phase conjugation. Of course, the damage 
threshold for such devices is slightly lower than that for traditional phase conjugation media; however, it can be rather high; 
for example, in the paper9 was shown the damage threshold for LC SLM of -0.5 J/cm2 for the Q-switched laser radiation 
(1.06 um). Several papers10"11 already discussed application of such devices to correction of distortions in laser systems, for 
example, in high-energy picosecond and femtosecond laser systems. 

However, direct substitution for traditional phase conjugation mirror is not the only possible application of dynamic 
holograms in OA LC SLMs in adaptive optics. We describe here more sophisticated approach - the so-called scheme of 
"frozen" phase conjugation. The essence of the idea is as follows. 

One of the most interesting application of phase conjugation is self-delivery of intense laser radiation to remote 
objects. One can illuminate the zone, containing the scattering or reflecting object, by radiation of auxiliary laser source. 
Some part of this radiation can be collected by poor-quality telescope, amplified in laser amplifier, phase conjugated, 
amplified further and sent to the object. In this case the intense radiation is delivered only to the object but not to the other 
objects. Such schematics is very interesting for the purposes of free-space and atmospheric communications, for various 
ecology monitoring and for some other tasks. It is well known that for these purposes among all the schematics of phase 
conjugation there exists one, which is out of any competition - the so-called Brillouin-enhanced four-wave mixing phase 
conjugation ' technique. Due to some special features of this effect, it is practically insensitive to any sources of noise and 
can thus reflect (provide phase conjugation) of very weak (down to quantum level of sensitivity - some dozen of photons per 
resolution mode) signals. It provides not only selection of the weak signal on the intense noise background and its phase 
conjugation, but also high (106-1010 times) gain of conjugated signal. However, this effect can be realized only with the use 
of pulses of highly-coherent radiation with nanosecond duration, and hence its direct application to delivery of really intense 
radiation from efficient laser sources is hardly possible. 

We suggest combining two effects - BEFWM phase conjugation and dynamic holography in OA LC SLM - so as to 
solve this contradiction. One can illuminate the remote object by nanosecond pulse of weak radiation from auxiliary laser, 
collect scattered radiation, phase conjugate it in BEFWM cell and amplify it up to the level of OA LC SLM sensitivity (10"6- 
10"4 J/cm2). Then the conjugated signal can be used for the record of dynamic hologram in OA LC SLM. Such dynamic 
hologram has much longer lifetime and lacks spectral selectivity. So one can reconstruct it by radiation of low-coherent and 
efficient lasers source (long pulse, pulse-repetitive or CW), amplify it (if necessary) and then send to the object is in above 
described scheme. In the Fig.2 is shown one of possible variants of such a scheme realization. 

Such a scheme can be realized in the nearest future. Note only one obstacle of technical nature. The specified above 
parameters of the LC OA SLM are realized in the visual range with wavelength of about 500-700 nm. Information on 
obtaining such high parameters of the LC OA SLM in the near IR range (about 1 pm) is absent in the literature. However, 
modulators with the PCL on base of GaAs, amorphous, or crystalline silicon can be used for the range of 1 (im also14. There 
are no any significant physical or technical limitations on the parameters in the near IR range. 

The LC OA SLM for the near IR spectral range with sufficiently high parameters can be created, if we use 
monocrystalline Si as the PCL. Its maximum sensitivity is at wavelength of about 1 (Jm and not less than the sensitivity of the 
a-Si:C:H PCL at wavelength of 0.5 yon. The PCL must be fabricated as a mosaic of Schotfky diodes with sizes of about 5x5 
Mm and gap of 1-2 Mm between them that is necessary for the spatial resolution achievement. The ferroelectric LC with the 
DHF effect can be used as the modulating medium. The mirror reflectivity, as estimates show, must be 95-99% and 
transmission of the blocking layer must be about 10"4. The damage threshold in this case is not less than 50 W/cm2. 
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Sol-gel technology for french inertial confinement fusion laser driver 
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ABSTRACT 

The French Commission for Atomic Energy is currently involved in a project which consists of the construction of a 
2 MJ/500TW (351-nm) pulsed Nd:glass laser and which will be devoted to Inertial Confinement Fusion (ICF) research in 
France. With 240 laser beams and almost 10,000 m2 in coated area required, the proposed megajoule-class laser will be the 
largest laser system ever built in the world. Room temperature and atmospheric pressure deposited coatings such as sol-gel 
for antireflective (AR) applications and silicone for environmental protective coatings, with high optical and laser-included 
damage performance, can be applied at a low cost compared to conventional vacuum deposition processes. Today, we are 
using such a technology to AR-coat prototypes of lenses, windows, blast-shields, debris-shields, flashlamps and harmonic 
converters required by our proposed megajoule-class laser. This technology has also been selected for the preparation of 
multilayer highly reflective (HR) coatings for use as cavity-end deformable mirrors in the laser system. Due to their 
suitability to ensure appropriate deposited optical thickness, room-temperature deposition techniques such as dip-, spin- or 
laminar-flow-coating have been optimized for such laser coating production. 

Keywords : Sol-gel, optical coatings, composites, liquid-medium deposition techniques, laser damage threshold. 

1. INTRODUCTION 

The French Commission for Atomic Energy (CEA) megajoule-class pulsed Ndrglass laser devoted to Inertial Confinement 
Fusion (ICF) research will focus 240 beams on a target. The approved laser design of the LMJ (MegaJoule-class Laser) is 
based on a fourpass laser cavity in which neodynium doped-glass is pumped using cylindrical flashlamps. Because of the 
power of such a laser (2 MJ/500TW @ 351 nm), the architecture involves large-area square or rectangular glass substrates 
(from 400 x 400 mm2 for optical components such as windows, lenses, harmonic converters or cavity-end deformable 
mirrors up to 1800 x 635 mm2 for blastshield component). 10,000 m2 in coated area is required with various coating 
functions such as antireflective (AR), broadband antireflective (BBAR), high-reflective (HR) or environmentally protective 
one. Sol-gel technology has been selected to coat optical LMJ components because coatings have high optical and laser- 
incluced damage performances. It can be applied at a low cost compared to conventional vacuum deposition processes using 
room temperature and atmospheric pressure deposition techniques such as dip-, spin- or laminar-flow-coating. Today, 
deposition methods have been optimized for such laser coating production and sol-gel AR, BBAR and HR-coatings have 
been successfully applied onto optical prototypes. 

2. SOL-GEL OPTICAL COATING AND DEPOSITION TECHNIQUES 

Oxide coatings have been the most widely investigated and, therefore, are the best oppportunity for the promotion of the sol- 
gel technology in the modern industry1. Two different kinds of sol-gel solutions could be chosen for their preparation : the 
polymeric and the colloidal systems. These coating solutions are prepared by the hydrolysis and the condensation of metallic 
precursors (salts or alkoxides) : the inorganic polymerization reaction (nucleation and growth) is controlled by varying the 
chemical conditions (pH, hydrolysis ratio,  ) and allow to prepare colloidal particles (1 to 1,000 nm diameter) or 
polymeric species dispersed in liquid medium. The colloidal route is a good way to prepare unstressed thick films or 
multilayer coatings and consequently preventing crazing and peeling phenomena using a room-temperature deposition 
technique. Moreover, it generally produces high laser damage resistant optical coatings, but their abrasion resistance after 
deposition remains poor2. Depending of the coating use, these colloids may be combined with binders, fillers or coupling 
agent in order to improve mechanical properties. With the polymeric route, a densification step (UV irradiation or thermal 
curing) is necessary to obtain a dense layer which shows generally a good abrasion resistance and a high refractive index. 
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Because of the important internal stress induced by the shrinkage during densification step, the polymeric materials are not 
used for preparing thick films or multilayer stacks. 

Today, three liquid coating methods are available to lay down very thin layers with accurate and uniform thickness : the dip- 
and spin-coating3 which are the most widely used and comparatively a new technique, the laminar-flow coating (or 
meniscus-coating). The choice of the coating methods depends on the size, the shape and the geometry (plane or curved 
surface) of the substrate, the number of side coated, the optical stack structure, the nature, the cost and the lifetime of the sol- 
gel coating solution. Dip-coating necessitates to use a large coating solution amount, but allows to coat simultaneously both 
sides of large-area components. With the spin-coating, a small sol-gel solution volume is necessary, however only one side is 
coated and the substrate must be preferably circular. For the laminar flow-coating, the multilayer coating process is very 
simple and no coating solution is lost after deposition : the component surface needs to be planar and only one side is coated. 
In all cases, the layer thickness is controlled by the deposition speed and both colloidal and polymeric sol-gel solutions can 
be equally deposited. 

3. ANTIREFLECTIVE COATING 

There are basically three types of antireflective coatings : the first and simplest one is a single-layer coating in which the 
refractive index is ideally equal to the square root of the substrate index, assuming air as the external medium. The other two 
types are multilayer stacks (two or more layers of different refractive index) and graded-index systems where the index is 
uniformly and continuously graded from the substrate, to the external medium. For le LMJ project, we have developed three 
kinds of antireflective coatings, all based on single-layer or multilayer designs : the standard single-layer antireflective 
coating (SAR) for the windows, lenses and debris-shields, the two-layer antireflective and environmentally protective 
coating (AREP) for Potassium Dihydrogen Phosphate (KDP) crystals used as harmonic converters or in Pockel's cells and 
the two-layer broadband antireflective coating (BBAR) for the blast-shields flat glass component. 

3.1. Standard single-layer antireflective coating (SAR) 

This coating is a single-layer system made of nanosized spherical particles (10-nm average diameter) of amorphous silica 
and deposited from a colloidal suspension. The coating solution we are routinely using is prepared from a Stöber silica sol . 
This silica sol synthesis is based on the base-catalysed (ammonium hydroxide catalyst) hydrolysis of tetrahydroxysilane in 
ethanol with a Si/H20 molar ratio of 1/2.2 at room temperature. In basic conditions, hydrolysis followed by formation of 
insoluble silica colloidal particles is favoured over condensation to soluble polymers. After deposition and solvent 
evaporation, the silica nanoparticles do not pack perfectly together and give rise to a porous film (~ 57 % porosity). Air 
present within the space between particles allow to decrease of the coating refractive index to a value of 1.22. Deposited 
onto both sides of a silica substrate (refractive index : 1.45), this standard single-layer antireflective coating allows to reach 
practically a transmission value of 100 % at a single wavelength which can be shifted by varying layer thickness (fig. 1). The 
silica coating is of highly pure and this 
contributes to a UV cut-off as low as 200 
nm  and  to   a  very  high  laser  damage 
threshold   (>   50   J   cm"2   @   1,053 nm 
wavelength,  R/l   mode  and  3  ns  pulse 
duration).   The   single-layer   antireflective 
coating scratch-resistance is poor because 
no     chemical     bond     exists     between 
independant silica particles and with the 
substrate. A treatment of this porous silica 
coating with ammonia vapors results in a 
consistent strengthening of the coating with 
no loss in optical performance6. A suitable 
explanation of this observation consists of a 
particle-to-particle   surface   base-catalysed 
condensation. This generates a shrinkage of 
the coating thickness (~ 20 % of the original 
thickness), but the antireflective function is 
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Figure 1. Transmission spectra of two-side SAR-coated silica substrate before and 
after ammonia curing. 
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retained : this induces that the porosity and hence the refractive index remain unchanged. The ammonia hardening post- 
treatment enables us to alcohol drag-wipe and physically touch SAR-coated glass substrates. However, the resulting coating 
can not be considered as a scratch-resistant product. This improvement is now routinely used for SAR sol-gel coatings since 
it allows more convenient handling of coated parts and if required still allows an easy removal of the coating by a soft 
scrubbing without damaging the optical form of the surface beneath. 

3.2. Two-layer antireflective and environmentally protective coating (AREP) 

The crystals of KDP used as harmonic converters for the Phebus laser were originally antireflective coated with the standard 
single-layer porous sol-gel coating which has been described previously. While optically very good, this coating did not 
provide environmental protection for the KDP surface which can show scattering effect by atmospheric moisture. Use of 
transparent organic-inorganic materials (ORMOSILs) is investigated as a protective coating on KDP crystals. The methyl 
silicone used is (CH3SiOi.5)m, with a refractive index of 1.41. This hybrid material is a high purity product prepared by the 
hydrolysis of methyltrimethoxysilane and is supplied as a soluble prepolymer in ethanolic solution. It is applied by dipping 
and, after 16 hours curing at 150°C, gives a dense and insoluble coating of optical quality. When applied onto KDP (index 
1.49-1.51), this coating is sufficient to reduce reflection from 4% to 2% per surface. This residual reflection can be 
enhanced by simply overcoating with the standard porous silica quarterwave antireflective thin film from an ammonia-free 
coating solution. This two-layer system gives a broad transmission increase which is adjusted to cover both harmonics by a 
suitable choice of coating thickness. The Phebus laser was routinely using silicone-sol AR coated SHG-crystals (for use at 
526.5 and 1,053-nm) and THG-crystals (for use at 351-nm). Typically, the gain in transmission is ranging 6.5-7.5 % at the 
wavelengths of interest. 

3.3. Two-layer broadband antireflective coating (BBAR) 

The blast-shields component is a float glass placed between the flashlamps and the laser disk amplifiers to prevent damage 
of the costly amplifiers by possible explosion of a flashlamp. An antireflective coating is essential to avoid light reflection 
loss between flashlamp and amplifier medium induced by the two sides of blast-shields components. Based on both 
flashlamp and LHG-8 laser disk absorption spectra (fig 2), a two-layer broadband antireflective coating made from tantalum 
and silicon oxide has been developed8. The choice of materials to prepare BBAR coating was directed to the selection of 
sol-gel polymeric layers rather than colloidal-based ones because of the mechanical requirements including abrasion- 
resistance and durability. Sol-gel synthesis have been carried out starting from cheap precursors in order to produce metallic- 
based solutions, each one suitable for liquid-deposition technique use such as dip-coating because of the blast-shields large 
size (181 lx 635 mm2). Baking step temperature does not exceed 150°C during 30 minutes allowing to coat various 
substrates and to offer scratch-resistance properties in compliance with US-MIL-C-0675C severe test. The antireflective 
properties of this optical stack made of a halfwave high index layer deposited onto Schott glass substrate followed by a 
quarterwave thickness low-index thin film were optimized to increase the amplification yield, taking into account the optical 
and geometrical parameters of the 
multipass amplification laser cavity. Good 
agreement over the range of interest is 
obtained between experimental and 
calculated spectra (taking into account 
both dispersions of coating index, fig. 2). 
The transmission increase due to sol-gel 
coating will enhance laser amplification 
step and using the experimental data, gain 
calculations have predicted a 6.3% 
amplification gain. 
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Figure 2. LHG-8 laser-glass absorption (gray line) and experimental transmission 
spectrum of the 2-layer BBAR-coated blastshield (solid line) in comparison 
with calculation (dotted line) and bare substrate tranmission (bold line). 
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4. HIGH-REFLECTIVE COATING 

For le LMJ laser, we have developed a highly reflective coating consisting of alternating layers of quarterwave-thick high 
and low refractive index materials. In order to prevent crazing and peeling phenomena, the colloidal route has been selected. 
Moreover, the HR coating has to be deposited onto the deformable surface of the cavity-end mirrors in the laser system, so 
mechanical induced-stresse could damage coating structure if too rigid. To prepare multilayered HR coatings we have 
selected Zr02-PVP as the high index material and colloidal Si02 as the low index material (with a refractive index of 1.72 
and 1.22 respectively @ 1053 nm)8. In such a system, for a reflectance of 99 %, generally up to 20 total quarterwave layers 
of alternating high and low optical indexes are necessary. Zr02-PVP component is a mixture of Zr02 colloidal particles 
(plate-like with the longest dimension around 30 nm) dispersed in methanol with polyvinylpyrrolidone polymer (PVP) used 
as binder. Zr02 particles were prepared by the hydrothermal treatment of a ZrOCl2/H20/(NH2)2CO precursor mixture. The 
refractive index of Zr02 coating made of colloidal particles increases from 1.57 to 1.72 by addition of 0 % to 20 % by 
weight of PVP compared to zirconia. This corresponds to the maximum refractive index value we have achievied : a further 
addition results in increasing interparticle distance and the packing density will decrease as the refractive index does. After 
each Zr02-PVP layer deposition, a UV-curing (X = 195 nm) is necessary for complete reticulation of the polymer and to 
make it insoluble. HR coatings were produced by spin coating, dip coating and also laminar-flow coating. This last 
deposition technique has been considered as the most appropriate method to coat cavity-end deformable mirrors of LMJ 
laser. Moreover, using laminar-flow coating deposition method, the laser damage threshold of sol-gel Si02/Zr02-PVP HR 
coatings is in compliance with LMJ requirements (~ 18 J cm'2 @ 1,053 nm wavelength, R/l mode and 3 ns pulse duration). 

5. CONCLUSION 

The sol-gel coating technology appears to be an appropriate process to produce the coatings needed for building the french 
mega-joule class laser. Room temperature and atmospheric pressure deposited coatings have high optical and laser damage 
performances and can be applied onto large-size substrates at a low cost compared to conventional vaccum deposition 
processes. Today, we are using such a technology to AR-coat the lenses, windows, blast-shields, debris-shields, and 
harmonic converters required for the LMJ laser. Moreover, this technology allows to prepare multilayer highly reflective 
coating for the cavity-end deformable mirror of the laser. Sol-gel replication process is under development to produce the 
phase plates used for smoothing the laser beam wave surface. 
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ABSTRACT 

Results of consideration for bimodal laser regime in aerosol micro particle under the action of the second harmonic of a 
Nd-doped power glass laser as a pumping source for the mixture of an active substance and a saturable absorber as 
micro impurity in a spherical micro particle are proposed. Bimodal radiation in aerosol microparticle as spherical cavity 
is considered. Interactions of modes in presence of impurity as absorber both and enlargement and inhibition effects are 
described to enlarge sensitivity to impurity. 

Keywords: microsphere. aerosol, saturable absorber, microimpurity, whispering gallery mode. 

1. INTRODUCTION 
Nonlinear interactions and laser oscillations in dielectric aerosol micro droplet with weak absorption attract attention due to 
extremely high quality of quasi normal modes in such meso-cavities. High sensitivity of modal radiation to absorbing 
permits us to found reliable method for detection of pollution in atmosphere and enviromental medium as micro impurities 
in an aerosol micro droplet.for practical application in information processing systems due to their fitting to other optical 
elements and concentration of high energy in small volume, what permits us to preserve energy and materials. It is known 
from experiment that multimode emission is typical in a microlaser based on a spherical microparticle. Spectral 
measurements of lasing reveal the existence of quasi periodic peaks which are likely to be identified with morphology- 
dependent resonances or whispering gallery modes of spherical microparticle ". 
Results of consideration for bimodal laser regime in aerosol micro particle under the action of the second harmonic of a 
Nd-doped power glass laser as a pumping source for the mixture of an active substance and a saturable absorber as micro 
impurity in a spherical micro particle are proposed in our report. Basic system of equations is modified to describe an 
electric and magnetic field, and inversion of populations in an active medium and absorption in a saturable impurity in 
micro sphere. Interaction between two modes and effects of spatial short wave grating of populations of about half of the 
length of the light wave due to self-action of one mode during it's counter propagation inside cavity and of the long wave 
grating of populations at the difference of the lengths of waves of modes as result of interaction of two modes in micro 
droplet and their role in laser action of micro droplet are considered. 
Conditions which permit us to get two orders more high sensitivity to impurities due to effect of enlargement or inhibition 
for the probability of stimulated emission of radiation in the presence of detuning between the resonant modal frequency, 
the resonant frequency of the gain line and the resonant frequency of the absorption line of impurity are determined. 

2. BASIC SYSTEM OF EQUATIONS AND STEADY STATES OF BIMODAL LASER WITH A 
SATURABLE ABSORBER 

We consider microparticle as N independent two-level atoms with gain under action of pumping. The electrical field is a 
sum of the morphology-dependent resonances of spherical microparticle and counter running waves create coupling 
between the complex modal amplitudes of two consecutive modes and self-coupling of the complex modal amplitudes via 
created with standing wave population grating. For the amplitudes of modes qt and q2 slowly varying in time and difference 
between their phases ^=^-<|)1and components of inversion of populations^/;,^ and 
yn the next system of equations is obtained 
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where m are the complex refraction index,  C,n and l|/n are the Ricatti-Bessel functions,    a are the radius of the particle, 

the superscript prime indicate the spatial derivative. 

H11 = Jvl/;(kra)[sf(8) + Q^(e)]2dv,      n22 = jV2(kra)[S2(e) + Q*(e)]2dv, 
v v 

JJ.12 =   f\|/f(kra)v|/2(kra)[S1(6)S2(6) + Q1(G)Q2(9)]   dv are     integrals  that  are 

v 
characterized as mode self- and cross-saturation. 
Dependence of a bimodal steady state on the spatial overlapping of the modes is considered. The linkage coefficients an 

~fii2 determine the degree of spatial overlapping for modes of the same polarization. Dependence of the intensity of the first 
mode on the unsaturated gain y°n is given in the right part of the figure 1. Upper line corresponds to the absence of 
saturable absorption k,=0 , lower line - for k,=0.001 from loss of the first laser mode. The right side of figure 1 shows us 
dependence of the intensity of the first mode on the overlapping value an of the first and the second modes for the same 
values of kh For more high linkage between modes the steady state disappears, it means that generation of light disappears. 
So, we can consider action of different factors of selfaction and interaction of two modes in our model. 
Figure 2 gives us spatial distribution of the intensity of a single mode with the quality two orders more high than in 
traditional cavity. 
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Figure 1. Dependence of the intensity of the first mode /; on the unsaturated gain y°u ( at left) and coupling coefficient at2 (at right) at 
the absence of a saturable absorption (upper lines) and for kj=0.0001. 
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Figure 1. Distribution of the internal intensity in equatorial plane of spherical microparticle for TE polarization resonance mode with 
n=46, s=l, m=1.53-il0-7 and size parameter/=33.99873497. 
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Flattened Gaussian beams and their general propagation properties 
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ABSTRACT 

The general propagation equation of flattened Gaussian beams passing through a paraxial 

optical ABCD system, where the amplifying and absorbing media with a linear gain and absorption 

are included, is derived and the applications are illustrated with numerical examples. 

Keywords: Flattened Gaussian beam(FGB), general propagation equation, ABCD system, linear 

gain and absorption. 

1. INTRODUCTION 

The concept of flattened Gaussian beams(FGBs) was introduced by Gori in 1994. Since then, a 

growing interest has developed in the propagation, focusing and beam quality of FGBs owing to 

their advantages in simulation of beams with a fiat-top spatial profile in comparison with super- 

Gaussian beams'IW8]. As usual, FGBs can be expanded into a finite sum of Laguerre-Gauss modes in 

the cylindrical coordinate system, or Hermite-Gaussian modes in the Cartesian coordinate system1'1"131, 

so that their propagation was treated by using the well-known propagation law of Gaussian beams. 

Another method is based on the generalized Huygens-Fresnel diffraction integral, and the FGB is 

regarded as a whole beam, thus the propagation of FGBs through a paraxial optical ABCD system 

were treated by means of the diffraction integral161. On the other hand, the propagation of partially 

coherent beams in amplifying and absorbing media was studied by Palma et. al.(9,[I01. This paper is 

aimed at studying the general propagation properties of FGBs passing through a paraxial ABCD 

system including amplifying and absorbing media. The general propagation equation is derived and 

numerical results are given to illustrate its applications. 

2. THE GENERAL PROPAGATION EQUATION OF FGBs 

The field distribution E0(r,z) of FGBs at the plane of z = 0 in the cylindrical coordinate 
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system is written as1'1'21 

EJr,0) = AQexp 
Vfn 

N     1 (N+\y 
w„ 

(1) 

where  w0 and N(N = 0,1,2,---)denote two characteristic parameters of FGBs, namely, the waist 

width and beam order, respectively,  A0 - EQ (0,0)  is the amplitude at the central position of 

r = z = 0. The propagation of FGBs passing through a paraxial optical system parametrized by a 

'A   B] 
transfer matrix 

the form 

C   D 
is described by the generalized Huygens-Fresnel diffraction integral of 

* b- 

E(r,z) = — exp(-ife) JE0(r',0)Jo 

rkrr' 

B 
exp -—(Ar,2+Dr2) 

2B 
r'dr' (2) 

where k is the wave number in the medium, which is generally complex, if the amplifying or 

absorbing media are considered, and k is expressed as'9"101 

k = kr + \k, (3) 

kr, ki are the real and imaginary parts of k, kt > 0 and kt < 0 account for the amplifying and 

absorbing media, respectively. The matrix elements A,B,C,D are assumed to be real-valued. On 

substituting from Eq.(l) into Eq.(2) and after tedious integral calculations we obtain 

r*,    N     ,        »*/2B / ., N      (   iM> 
E(r,z) = A0 y—-f——-exp(-/fc)exp 

2\ 

(N + \    ikA^ 
—^ + 

V   ^o 2B 

2B 
exp 

-{kr/2Bf 
N + \    ikA 
—^ + 

wn 2B 

^( N + \Y( N + l    ikA] 

n=0> w 0      J V   wo 2B 

(kr/2Bf 

N + l    ikA 
—— + 

wn 2B 

(4) 

Eq.(4) is the general propagation expression for FGBs passing through an optical ABCD system, 

where the media with a linear gain and absorption are considered. If we let k be real, Eq.(4) 
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becomes the propagation of FGBs through an ABCD system without gain and absorption. For the 

case of FGBs propagating in linear gain and absorption media with effective length /, Eq.(4) 

reduces to 

ik-k, 

E(r,l) = A0 
21 

Lexp(&, -ikr)l 

N + l    \kr-k, 
 :— + - 

-exp 
(*,-i*,)ra 

2/ 

w„ 2/ 

exp 
-[(kr+ik,)r/2l]2 

N + l    ikr-k, 
—r- + - 

wn 21 

n=0 

N + l 

V   wo   J 

N + l    \kr- k, 
—r—+ ■ 

wn 21 

[(*r+i*>/2/]2 

n N + l    ik-k, 
wl          21 

(5) 

The condition for the transverse field convergence in the gain medium can be derived from Eq.(5), 

and is given by 

l< 
w, !W 

2r\(N + l) 

where 

(6) 

" = t\ (7) 

which is similar to Eq.(15) in Ref. [10] for the case of partially coherent beams. In addition, it 

follows readily from Eq.(5) that for the absorption media (tj < 0), the field is always convergent. 

3. NUMERICAL EXAMPLES 

Numerical calculations were performed by using Eq.(5), typical examples are given in Fig.l(a> 

(c), where the calculation parameters are N = 12,w0 = lmm,|*j = 6000mm"1, and TJ = 110"6 for the 

gain and absorption media, respectively. Fig. 1(a) showes the intensity distribution of a FGB at the 

initial plane of / = 0 . From Fig.l(b)(/ = 600mm) and l(c)(/ = 7m) we see that the shape of FGBs 

can not remain unchanged upon propagation in free space, linear gain and absorption media for the 

Fresnel and Fraunhofer cases. The power amplification (absorption) defined as the output power 

divided by the input power at the  z = 0 position areexp(7.2)  andexp(-7.2)   for/= 600mm, 
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Fig.l Relative intensity distributions of a FGB propagating in ( ) free space, ( ■) linear 

gain and ( ) linear absorption media.(a)/ = 0, (b)/ = 600mm ,(c)/ = 7m . 

and exp(84), exp(-84) for / = 7m, respectively. 

4. CONCLUSION 

In this study the general propagation equation of FGBs passing through a paraxial ABCD 
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system, where the linear gain and absorption media are included, has been derived, and their 

propagation properties have been illustrated with numerical examples. The main advantage of our 

approach is that the propagation of FGBs through ABCD systems with or without aperture, with or 

without amplifying and absorbing media can be treated in a unified way. The results obtained in this 

paper would be useful for the optical system design and optical beam propagation, where the flat- 

top beam profile is required. 
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ABSTRACT 
A high-power Raman fiber laser (RFL) with maximum output power of 4.11 W/1239 nm and 2.24 W/1484 nm is 
obtained using a continuous wave (CW) 8.4 W/1064 nm Yb-doped double-clad fiber laser (DCFL) as a pump, 
phosphorous-doped fiber (PDF) and cascaded cavities made with fiber Bragg Gratings (FBG). RFL performance 
for the 300, 700 and 1150 m PDF lengths and output mirror reflectance was experimentally investigated by 
observing maximum output power, slope efficiency, threshold power, and full-width at half maximum at both 
the first and second Stokes wavelength. 

Keywords: Raman fiber laser, phosphosilicate fiber, stimulated Raman scattering, Raman fiber amplifier, Optical fiber 
communications 

1.   INTRODUCTION 
Raman fiber amplifiers (RFA)1"3 and lasers (RFL)46 have been actively studied by different groups since discovery of 
Raman effect in optical fiber in 19721. A resurgence of research in the field of RFAs and RFLs started with recent advances 
in the construction of practical high-power pump lasers sources like narrow-stripe lasers diodes (LD) with maximum output 
power of 150 mW to 200 mW at 1484 nm, and Yb-doped double-clad fiber lasers (DCFL) with an output power in tens of 
watts at wavelengths ranging from 1040 nm to 1120 nm and are now commercially available7. These lasers have been used 
as pump sources in RFL. There is great demand for very high-output power RFL to be used distributed Raman amplifiers 
and for remote pumping of Er-doped fiber amplifiers (EDFA) in very long distance repeaterless wavelength division 
multiplexing (WDM) transmission systems. These applications stress the need for very high-power RFL at 1239 nm and 
1484 nm. 

The stimulated Raman scattering (SRS) in the RFL and the RFA involves a frequency-conversion process in which light 
traveling down a fiber interacts with the vibrating molecules in silica material8. This interaction triggers a spectral shift that 
transfers the energy from a shorter-wavelength pump beam to a longer-wavelength signal. Though the Raman gain can be 
obtained for any silicate fiber, the value of Raman gain coefficient is about eight times higher for germanosilicate fiber than 
for silicate fiber9. Hence, the germanosilicate fiber is used extensively in the RFL and the RFA. Using the germanosilicate 
fiber with a peak Raman shift of 440-490 cm"1, the third and the sixth Stokes orders produce outputs at 1239 nm and 1484 
nm, respectively,  with a  1064  nm pump source. PDF(3O0/70o/ii50m) 
However, the low-loss phosphosilicate (P205-Si02) 
fiber which we will herein call P-doped fiber (PDF) 
has a peak Raman shift of 1330 cm"1, and when 
pumped with 1064 nm pump source, the first Stokes 
(S,) and the second Stokes (S2) orders occur at 1239 
nm and 1484 nm, respectively46. To make an RFL at 
1484 nm, one would need six cascaded cavities if    , , / 
GDF were used as the gain medium, whereas with 
PDF only two cascaded cavities would be required, 
thereby greatly increasing the RFL efficiency. This 
paper focuses on the output characteristics of RFL at 
1239 nm and 1484 nm. Figure 1 Raman fiber laser setup (a) first Stokes RFL (b) second Stokes 

RFL 
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Input pump power (W) 

2.     EXPERIMENTAL SETUP Wavelength N| 

The experimental setup for the first Stokes RFL (FSRFL) at 1239 nm and 105° 110° 1150 1200 

second Stokes RFL (SSRFL) 1484 nm is shown in Fig. 1. The pump source is 
the Yb-doped DCFL with Flexcor-1060 singlemode fiber (SMF) output with 
maximum output power of CW 8.4 W at 1064 nm, and was manufactured by 
IRE-Polus. The Yb-doped DCFL SMF output was spliced with low loss to the 
Raman cavity, which consists of a pair of FBG mirrors. As in Fig. 1(a) FSRFL 
consists of a HR FBG at Si and an output coupler FBG with reflectivity of 
either 4%, 50% or 75.5% at Si was used. In SSRFL (Fig. 1(b)), the reflectivities 
of the HR FBG mirrors at Si and S2 are more than 99%. A 15% output coupler 
FBG at S2 was used to extract the 1484 nm output from the SSRFL. The FBG 
mirrors for the Si and the S2 cavities were fabricated on the Flexcor-1060 SMF 
using an excimer laser. The presence of HR FBG at 1239 nm in SSRFL 
ensured an efficient conversion of Sj order to S2 order. Since the DCFL output 
and the FBGs are made of the same Flexcor-1060 fiber, a very low loss splicing 
is achieved between them. The PDF lengths of 300, 700, and 1150 m are used 
for Raman gain medium. The PDF has 12 mol% of P205 with a refractive index FiSure 2 Power evolution of Total  power, 
difference of 0.0107. The propagation loss of the PDF at 1064, 1239, and 1484 ^^^J^SL^ "* ^ ^^ 
nm is 1.84, 1.23, and 1.00 dB/km, respectively. The mode-field diameters      ->Powerm 

(MFD) of the PDF at 1064 nm and 1239 nm wavelengths are 5.96 and 7.05 pm, respectively, whereas the corresponding 
MFD for the Flexcor-1060 is 6.16 urn and 7.13 pm, respectively. The mismatch in the MFD of the Flexcor-1060 and PDF 
results in a splicing loss between them, the average splice loss being 0.22 dB. The average insertion loss due to the four 
FBG mirrors in the setup is 0.6 dB at 1064 nm. This is measured after configuring the RFL and before the generation of the 
Si or S2 orders. The PDF and the FBGs were obtained from General Physics Institute, Russia. The output spectrum was 
measured using an AQ-6315B optical spectrum analyzer manufactured by ANDO Co. The output power was measured 
using a LaserMate optical power meter manufactured by Coherent Inc. 

3. EXPERIMENTAL RESULTS 
The experimental results for 
FSRFL with different PDF 
lengths and output coupler FBG 
reflectivities are reported. 
Similarly the output 
characteristics    of    SSRF    for 
different     PDF     lengths     are 
reported. 
1.    First Stokes Raman Fiber 

Laser 
Figure 2 shows the variation of 
the first Stokes power and the 
residual pump power for change 
in the input pump power for 700 
m PDF length and 4% output 
mirror reflectivity. For that RFL 
configuration, the laser threshold, 
the PCE efficiency, and the slope 
efficiency were 3.36 W, 47.40%, 
and 76.87%, respectively. The 
full width at half maximum 
(FWHM) is 1.46 nm and the first 
Stokes power at the output 4.11 
W. The inset of Fig. 2 shows the 
output   spectrum   of  the   RFL, 
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Fiber Length (m) 

400  600  800 
Fiber Length (m) 
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0 200 400      600      800 

Fiber Length (m) 

1200 400     600     800 
Fiber Length (m) 

Figure 3 Experimental results for different PDF lengths and output coupler reflectivity: (a) 
which includes the residual pump maximum first Stokes (SI) output (b) Power conversion efficiency (c) SI threshold power (d) 
power and the first Stokes power.  FWHM 
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The consolidated results of the experiments are shown in Fig. 3. Maximum 
PCE was achieved for the output coupler reflectivity of 4% and the 700m PDF 
length. This result is very similar to the theoretical simulation wherein, for the 
700m PDF length, maximum first Stokes output occurred for 4% output 
coupler reflectivity. 
Figure 3 (a) and (b) show the variation of maximum S] power and power 
conversion efficiency (PCE) of S| power from the input pump power (IPP) as 
a function of the PDF length and the output mirror reflectivity. The maximum 
output of 4.11 W from the RFL is obtained for the length of 700 m and 4% 
output coupler reflectivity with maximum PCE of 47.4%. The variation of the 
S| threshold with respect to the fiber length as shown in Fig. 3 (c). The SI 
threshold decreases with increase in fiber length. Figure 3 (d) shows the 
FWHM of S, as a function of fiber length. For the 4% output coupler 
reflectivity case, we have used the cleaved facet of the fiber as the output 
coupler and as the power reflected into the cavity is smaller compared to other 
cases, the Si FWHM increases with increase in fiber length upto the FBG 
bandwidth (HR FBG used at the input). The FWHM of outputs for 50% and 
75.5% remains almost identical and this is because large amount of S] power 
is reflected back into the cavity and this results in broadening of the S, 
spectrum upto the Raman gain spectrum. 

Wavelength (nm) 
1000  1100  1200  1300  1400  1500 

-5 

4 6 
Input Pump Power (W) 

Figure 4 Power evolution of Total power, 
Residual pump power (RPP) and first Stokes 
(SI) and second Stoke (S2) power in the 
FSRFL. Inset shows the total output spectrum The maximum Si of 4.11 W at 1239 nm with slope efficiency of 76.9% and 

threshold of 3.36 W for 700 m of PDF using 4% output FBG coupler is obtained in FSRFL. The full width at half maximum 
(FWHM) at 1239 nm is 1.46 nm. 
2.    Second Stokes Raman Fiber Laser 
The output characteristics of the RFL cavities for the fiber lengths of 300, 700, and 1150 m are reported. Figure 4 shows the 
variation in total output power, Si and S2 power and residual pump power (RPP) for change in the IPP for the 700 m PDF 
length and the 15% output mirror reflectivity. For this RFL configuration, the S, threshold is 0.57 W. Increasing the IPP to 
1.70 W results in generation of S2 

order. The maximum output power 
and   slope   efficiency   of the   S2 

orders  are  2.24  W  and   32.8%, 
respectively. The FWHM of the S2 

order is 1.49 nm. The inset of Fig. 
4 shows the output spectrum of the 
RFL, which shows the RPP, the St 

and the S2 wavelengths. As far as 
we know, the output power of 2.24 
W is the largest reported for the 
PDF RFL. 

The consolidated results of the 
RFL experiments with 300, 700, 
1150 m of PDF are shown in Fig. 
5. As seen in (a), the maximum S2 

output power occurs for a PDF 
length of 700 m when compared to 
the case of 300 m and 1150 m. 
Correspondingly, the Si power for 
700m was small compared to 300 
m and 1150 m. The same trend was 
observed for the RPP, but the 
power level is smaller than the Si 
case. At the output end of the RFL, 
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Figure 5 Experimental Results for different PDF lengths: (a) maximum Stokes, first Stokes and 
residual pump powers (b) slope and net slope efficiencies of second Stokes output (c) first 
Stokes and second Stokes threshold powers (d) FWHM of second Stokes RFL output 
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all the PDF lengths generated more than 2.6 W for the total output power and 1.7 W for the S2 power. Figure 5 (b) shows 
the variation of the slope efficiency and net slope efficiency of the S2 power as a function of PDF length. The total slope 
efficiency is calculated by measuring the rate of generation of S2 power for the change of IPP. The net slope efficiency is for 
the convertible input pump power which excludes the non-conversion loss due to splice loss, total cavity loss for the FBG 
mirrors, and the RPP from the IPP that can be converted to the S2 power through the Si one. The net slope efficiency is a 
measure of the system performance and indicates how much the slope efficiency can be improved if we can reduce the non- 
conversion loss. The slope efficiencies at the S2 wavelength are 30.2%/32.8%/27.3% for 300/700/1150 m, whereas the net 
slope efficiencies at S2 wavelength are 40%/49%/41% for 300/700/1150 m. Figure 5 (c) shows the variation of the S! and S2 

threshold power as a function of PDF length. The Si threshold powers for 300/700/1150 m are 0.6/0.57/0.61 W, 
respectively. The variation in the S] threshold is very small, whereas the S2 threshold powers for 300/700/1150 m of PDF 
are 2.83/1.7/2.0 W, respectively. Figure 5(d) shows the variation of the FWHM of the S2 output as a function of fiber length. 
The maximum FWHM of S2 output for 300/700/1150 m of PDF length is 0.71/1.49/1.17 nm, respectively. 

4. CONCLUSION 
The maximum first Stokes power of 4.11 W at 1239 nm with slope efficiency of 76.9% and first Stokes threshold of 3.36 W 
for 700 m of PDF using 4% output FBG coupler is obtained in first Stokes RFL. The full width at half maximum (FWHM) 
at 1239 nm is 1.46 nm. In the second Stokes RFL, maximum second Stokes output of 2.24 W at 1484 nm with a slope 
efficiency of 32.8% for 700 m of PDF using 15% output FBG coupler at 1484 nm is achieved. The FWHM of the second 
Stokes RFL output is 1.49 nm. 
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ABSTRACT 

A theoretical and experimental study investigated beam perturbations on propagation through a MOPA chain, 
including both optical and medium influences. Analytical models are presented to explain the influence of thermal 
aberrations on the beam, and these effects are related directly to the change in M2(quality factor) of the beam. 

Keywords: beam quality, aberrations, thermal lensing, beam propagation, gain. MOPA 

1. INTRODUCTION 

In a commercial high pressure carbon dioxide laser oscillator and amplifier pair, the possible beam distortions 
need to be addressed in order to be able to offer consistently good beam quality (M2 < 1.1), on a shot for shot 
basis, over a range of repetition rates. The system investigated consists of a high pressure (10 Bar) oscillator 
and a single amplifier. The input energy into both is more than 30 J per pulse. The MOPA (master oscillator 
power amplifier) chain can be operated at pulse repetition rates of up to 300 Hz. The lasers are operated as 
closed loop systems, with internal room temperature catalysts. The measured M2 of the oscillator output pulse 
is less than 1.1, with 400mJ per pulse. The time jitter between pulses is less than 4 ns (1 sigma value). In this 
paper, we consider influences resulting in distortions in both the spatial and temporal field. Spatial distortions 
in MOPA chains are of interest because of the associated beam degradation (higher divergence), and the possible 
optical damage due to high intensity values when the beam shows irregular structure (intensity spikes). Spatial 
distortions can be introduced through non-uniformity in the lasing medium, gain saturation, diffraction effects, 
acoustic disturbances and thermal distortions. Temporal distortions resulting from varying population inversions 
across the pulse will also influence the propagation of the beam, although more so when dispersion plays an 
important role. In this paper we will address the influence of thermal distortions following propagation through 
transmission elements, and gain related distortions. Throughout this paper, the M2 factor1 is used as a measure 
of laser beam quality. Aberrations are described using Zernike polynomials,2 which can be related directly to the 
primary aberrations of Seidel.3 Unless otherwise stated, beam size is defined as a half width 1/e2 intensity value 
and divergence as a half width value. Where the beam deviates significantly from Gaussian, the beam size and 
divergence are defined as second moment values. 

2. THERMAL DISTORTIONS 

The finite absorption of laser beam energy on propagation through a transmission element results in a thermal 
gradient across the optic, distorting the wavefront by introducing a spatially and temporally dependent phase 
term. Most attempts at solving the thermal lensing problem have been successful only numerically, with some 
closed form solutions found for single pulse or cw conditions.4,5 Some of the present authors have reported 
previously6'7 on a multiple pulse model under cylindrical symmetry, assuming semi-infinite substrates. 

In the case of Cartesian co-ordinates, without the assumption of infinite width substrates, the temperature 
distribution in the substrate will be the solution to the heat diffusion equation 

^Sufoy.t) _ v,c.vU(s,y,t) = Q(x,y,t). (1) 

Here u(x,y, t) is the substrate temperature, Q(x,y,t) is the heat source due to the absorption of beam energy, K is 
the thermal conductivity, and p and Cp are the density and specific heat capacity of the material respectively. Sur- 
face heat loss is ignored, and we note that since the optical holders act as very good heat sinks, the boundaries can 
be assumed to be at constant temperature. The absorption is significant, but nevertheless small compared to the 
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transmitted energy, thus the beam parameters remain constant within the sample and the resulting temperature 
rise is small. This suggests that K, and Cp can be considered constant. 

To find the temperature distribution in the optic, we consider what the effect of a single pulse of laser light 
would be. Because the heat transfer is small, we write the contribution of Q{x,y) as a Dirichlet boundary 
condition for u(x,y,t) on the surface, and solve the heat diffusion equation with no source term. To keep the 
solution as general as possible, an elliptical Gaussian beam is transmitted through a rectangular optic. The optic 
has widths 2lx and 2ly in the x and y axes respectively. The origin is at the centre of the optic, so that the 
co-ordinate system extends from x € [-lx, lx] and y G [—ly, /„], with the Gaussian beam centred at (0,0). The 
beam is assumed to have a total energy of E0, and beam radii of ux and ujy in the x and y axes respectively. The 
thickness of the optic is small compared to the surface dimensions, and is given by I. 

Equation (1) then reduces to a linear homogeneous heat diffusion equation, and can be solved by separation 
of variables. The series coefficients are determined by assuming an initial temperature rise on the surface (after 
each pulse) due to an elliptical beam given by: 

u(x,y,0) 
aE0 

-KpCpWxuy 

exp -2 + 
w" y) (2) 

One can extend the above to multiple pulses by considering the decay in temperature during the time between 
pulses, and the introduction of heat from each subsequent pulse. A difference equation can be derived, giving the 
temperature profile in the optic after % pulses as 
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(3) 

(4) 

Here D = K,/pCp is the diffusivity, and t now denotes elasped time after the ith pulse. 

Equation (3) is the first analytical expression that the authors are aware of for the solution to the heating due 
to optical absorption with a pulsed source in Cartesian co-ordinates. 

Knowing the temperature profile, it is possible to calculate the change in refractive index, and therefore the 
induced focal length in the optic. The phase term can be written in the standard form for a focusing element 
as <j> = —k(x2 +y2)/2f, where k is the wavenumber, and / is the focal length. Also, the phase difference across 
the wavefront on passing through the lens is <j> = k A n(x,y)l, where I is the propagation distance through the 
substrate. By expanding the refractive index in a two variable Taylor expansion about the optical centre, and 
equating like powers of x and y in the above phase expressions, we find that the general expression for the focal 
length after the ith. pulse is given by 

m +-i ^n2lxlyPCpdu\   2lx   )  
exp\ 

-71-" 

32~ 
|(2„+1)2(1 + 3tii)I 

W" + ?(2ra+1,(l + M)]) (5) 

where tx and ty are relaxation times, given by ui2/4D and uJy/4D respectively. fy(i) can be obtained from 
the above equation by replacing the term ((2n + l)/2lx)2 with ((2m + l)/2ly)

2. A comparison between the 
analytical models and a numerical model is shown in Figure (1). The numerically generated points are found by 
solving the heat diffusion equation for the temperature with a finite element analysis routine. This is then used in 
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the Rayleigh-Sommerfeld diffraction integral to establish the resultant beam propagation after the window. By 
looking at the change in focal position after a known lens, the focal length of the thermal lens can be deduced. 
For the correlation test, the focal length as a function of the pulse energy was investigated. Clearly there is very 
good agreement between the analytical models and the numerical calculations. For very strong thermal lensing, 
the deviation is in the order of 7%, while for weak thermal lensing, the deviation is around 1%. A full derivation 
of a generalised version of the above analysis will appear shortly.8 

The Zernike coefficients can be obtained by writing the phase as <p(x,y,t) = kAn(x,y,t)l = kdn/duAu(x,y,t) 
and expanding this function as a series of Zernike polynomials. Figure (2) shows the change in coefficient values 
as a function of the thermal strength in the optic. 

It is clear that in addition to the defocus (curvature) term, spherical aberration is also introduced to the 
wavefront. This degrades the beam quality, so that the M2 factor is higher, and the propagation constants 
change. Figure (3) shows the beam propagation with and without thermal aberrations. 

3.  GAIN DISTORTIONS 

A multilevel rate equation model (including rotational thermalization) based on that of Judd9 was used to calculate 
the oscillator output energy as well as to calculate the pulse amplification and distortion through the high pressure 
amplifier. The controlling difference equations can be written as 

d5r {6rzAv) I 
—- = Pj 2a—br, (6) 
at TX hv 

£ = '-*£*■ P) 
dl       dl c       I 
-+c_ = «,*--, (8) 

with Sr the population difference between the rotational levels. Pj the pumping term of a rotational level, z 
the Boltzmann factor, Av the total population difference of the vibrational levels, a is the cross section, P is the 
total pumping term, TX is the rotational thermalization time, / is the intensity of the pulse and TC is the calculated 
photon life time inside the resonator. 

The above set of equations were solved numerically using code written in C++. Figure (4) shows the calculated 
beam distortion through a high pressure amplifier. The small signal gain in the amplifier was 3%/cm, the gain 
length was 0.4 m and the radius of the Gaussian beam propagating through the amplifier was 4 mm. The input 
energy of the pulse was 178 mJ and this was amplified to 477 mJ after a single pass through the amplifier. The 
beam is amplified more on the sides than in the centre, thus distorting the beam shape, and changing its waist 
value. This can be expected since the centre of the beam will saturate the laser gain medium first. The beam 
radius (1/e2) value changes from 4mm to approximately 4.4 mm. It is also evident that the pulse shape changes, 
and thus a change in the M2 value is expected. The resulting propagation of this beam will not be that of a 
perfect Gaussian. 

4. CONCLUSION 

We have considered a few sources of beam degradation on propagating through an oscillator-amplifier pair. For the 
repetition rates and energies of our lasers, thermal distortions are minimal, while spatial and temporal distortions 
due to the gain appear to dominate. 
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wavefront, and shows a transient nature, due to the 
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ABSTRACT 

In high power applications of multimode optical fibers such as high power beam delivery and optical phase conjugation, the 
estimation of critical power of stimulated Brillouin scattering is important. Nevertheless, the estimations have taken no 
account of mode dispersion effect to date. In this paper we show that the critical power in a multimode fiber depends on the 
numerical aperture (NA) of fiber, i.e. mode dispersion, and find out the analytical solution taking account of the effect. The 
critical power increases as the fiber NA increases. 

Keywords: stimulated Brillouin scattering, optical multimode fiber, beam delivery, phase conjugation 

1.     INTRODUCTION 

Multimode optical fibers have been widely used for high-power beam delivery 10-100m long in processes such as welding 
and cutting. The optical power deliverable has reached me multi-kilowatt level 1-2. Such high power induces stimulated 
Brillouin scattering (SBS) in fibers when the bandwidth of laser light is comparable to or narrower than the bandwidth of 
Brillouin scattering. Such backscattering is an obstacle to high-power beam delivery. On the other hand, because such 
backscattering (stokes wave) is the phase conjugate wave of pumping wave, multimode fibers turn to be useful devises as 
optical phase conjugators3. 

The equation used to estimate the critical power of SBS in single-mode fiber was derived by Smith4. The observed critical 
powers in single-mode fibers are in good agreement with those estimated from Smith's equation. In the experimental work 
of Murata et al. 5, it was shown mat the critical powers in multimode fibers are higher than those in single-mode fibers 
having the same diameter and the same length. Moreover, Their experimental results and our experimental results, described 
below, show that the critical powers in multimode fibers depend on the numerical apertures of fibers. This indicates that the 
critical powers are influenced by the mode dispersion in multimode fibers, and therefore, for multimode fibers, the Smith's 
equation should be rewritten by taking account ofthat effect. 

In this work, we derive a simple equation to estimate the critical powers of SBS taking account of the mode dispersion in 
multimode fibers. The critical powers estimated from the equation are in good agreement with the experimental results. 

2.    CRITICAL POWER OF SBS 

Critical powers of SBS excited by CW laser light in single-mode fibers are given by" 
gnuxKPcrLeff 

Aeff 

= 21,       (1) 

where g^ is the peak value of Brillouin gain. Its value is 4.6xlO"nm/W. K is the factor of polarization. A=l for unchanging 
polarization, K=\I2 for polarization scrambling. P„ is the critical power, Leffis the effective interaction length and/f^ is the 
effective core cross section. We regard the mode dispersion in multimode fibers as reduction effect on Brillouin gain: 

gB=
bxgw        (2) 

b is the factor of gain reduction due to mode dispersion. If we assume that L^A^ is   invariable, P„ is inversely 
proportional to b. Brillouin gain is proportional to the coupling constant of the coupled-wave equations that describe the 
energy transfer from a pump wave to a Stokes wave. Therefore, the i-factor is derived from the ratio of the coupling 
coefficient of a multimode fiber to that of a single-mode fiber. 
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Each transverse mode in a multimode fiber traverses at a corresponding phase velocity. A mode (m) of the Stokes wave 
interacts with a mode (m') of the pump wave that corresponds to the following phonon frequency: 

Q-rf^ofö/eX»»+«».)•     (3) 

co0 is the pump wave frequency, Va is the acoustic velocity, c is the light velocity in vaccum, and nm and nm. are the effective 
mode indices of refraction. We assume the cross-interactions (m^m') occur when the phonon frequencies of eq. (3) are 
within the bandwidth of the phonon produced through a direct interaction (m = m'). Therefore, we consider the gain 
reduction in a multimode fiber is due to the limitation of the number of pump modes affecting each mode of the Stokes 
wave. We have derived a set of coupled wave equations for stimulated Brillouin Scattering in multi-mode optical fibers 6. 
From the coupling coefficients the Mactor is dereived: 

2r \ 

Q,-Q 2/ 

arctan — 
(\ Q,-Q, 

2r (4) 

Here, T={ ajJ2)Vg, and it is related to the phonon bandwidth A v FWHM, r= it A v FWHM- fti {=2Nx<o0VJc) and QQ. are the 
phonon frequencies when the fiber core and clad materials exist as a bulk mass. Nt and N2 are the refraction indices of core 
and clad respectively. Equation (4) shows that the 6-factor depends not on core diameters or total number of modes, but on 
NrN2, that is, NA, and T. 

3. EXPERIMENTS WITH IODINE LASER 

Murata et al. employed a pulsed iodine photodissociation laser (X=1.315/zm)5asa pump source. The pulse width was 
about 4 ß sec. The linewidth of laser light was narrower man 20 MHz. In the experiments they used two different multimode 
fibers. The specifications are shown in Table. 1. The observed critical powers are different from the values estimated using 
the Smith's equation (Eq.l). Figure. 1 shows the NA dependence of Pa IP^ (=b~l). P^ is the critical power predicted from 
only Eq. (1). The curves are drawn using the value of F for silica 7 and K=l/2 for polarization scrambling. Squares (■) in 
Fig.l represent the experimental results from ref. 5. Equations (1) and (4) yield the critical powers within an error of 25%. 

Table. 1 Fiber specifications in ref. 5 and the observed values of critical power 
Diameter (/im) Length (m) NA PIP 1 cr' 1 mm 
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Fig.l Critical power versus fiber NA ( X =1.315 ß m) 
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4. EXPERIMENTS WITH Nd:YAG LASER 

We have also employed a Q-switched Nd:YAG laser (X=1.064(im) as a pump source. The linewidth of laser light was 
narrower than 30 MHz The laser pulses have a width of 60 nsec and generate at a repetition rate of 100Hz (Fig.2). Although 
the SBS process with the pump pulse duration of 60 nsec is a transient regime, the difference of critical power between this 
case and the stationary (CW) regime is small. If we assume the phonon lifetime of 10 nsec, the difference is estimated to be 
about 8%8. We have measured the critical powers of two fibers while the bending radius changes. The fibers have relatively 
short length (1=1.15m and 5.105m) as using as phase conjugators and have the same fiber NA (NA=0.22). The fiber core 
diameter is 320 ß m. All over the experiments, NA of launching optics is 0.008. The focus spot diameter was 140 ß m at the 
end of fibers. The coupling efficiency was about 90%. Through changing of the bending radius the output NA changes 
within a range: 0.05~0.14. Figure3 shows the products of critical power and fiber length for different values of the output 
NA. Ea is the critical energy, which is calculated with the critical power Pa and the laser pulse width r P: Ea= Per- z P. 
The experimental data split into two groups. This is probably caused by the polarization scrambling for the group of 
I=5.105m. It is supported from the fact mat the data of I=5.105m are on the theoretical curve for A=l/2. The curves are 
drawn by making compensation for the transient regime. 

Power meter 

1 

From Nd:YAG Laser 
T P=60nsec @ 100Hz 

NAin=0.008 

Multimode fiber 
Z>=320 fX m 
1=1.15m, 5.105m 
NAfibCT=0.22 

NAoUt=0.05~0.14 

Fig.2 Measurements of SBS critical power in multimode fibers with a Q-switched Nd:YAG laser 
Power meter 

5. COCLUSION 
We derive the analytical solution to estimate the critical powers, taking account of mode dispersion in multimode fibers. The 
ratio of critical power for a multimode fiber to that for a single-mode fiber having the same diameter and the same length 
depends on the NA of the fiber and the phonon bandwidth. For a large NA, the critical power for a multimode fiber is much 
different from that for a single-mode fiber. It is expected that the critical powers of commercially available multimode fibers 
(NA- 0.2) will be about twice as much as values estimated by only Eq.(l) if the output NA is close to the fiber NA. The 
relatively short (JL<5m) multimode fibers have recently been used as the optical phase conjugators3. The pump power 
diffusion between inter-modes in such short fibers takes place in the limited range of mode number. This fact is found out 
through the effect that the output NA of transmitted pump wave is less than the fiber NA. Therefore the SBS critical power 
of such the short multimode fiber increases the output NA increases due to various causes, i.e. bending, coupling optics, etc. 
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ABSTRACT 

Experimental results of investigation in plexiglas support previously published our groups data of IR laser and e-beam 
excitation in solids of solitonic Wave of Change in Reflection and Conduction (WCRC). Method of single IR detector 
WCRC registration was applied in addition to IR thermovision method used before (there were used also ~5 other different 
methods). Results of slow WCRC components investigations showed that solitonic heat transfer play additional role to usual 
diffusive heat transfer. This role could be important at some conditions. As the control, the measured in this work WCRC 
component velocity ~ 0.26 cm/s does not depend from sample thickness which was equal 1.5 and 2.0 mm. Analysis of 
records treatment by help of (x-t) diagram permit to show many features of studied solitonic excitations lived in the solid 
sample during many minutes. Irradiation of the front surface by single laser pulse produced WCRC components; in 
experimental conditions of this work one can see pair components of the same velocity which were born as on front as on 
rear sample surface. They moved in different directions and reflects from sample surfaces many times with small energy 
losses. This work was sponsored by RFBR (Russia), project 97-02-17954-a) and 00-02-17249 a). 

Keywords: solitonic wave; IR laser excitation; light reflection, heat transfer; plexiglass. 

1. INTRODUCTION 

Since 1992 we study experimentally and theoretically the Wave of Change in Reflection and Conduction (WCRC)1,2'3,4. 
WCRC characteristics were measured from variation: 1) of the optical constants (by reflection on the surface or absorption 
in the bulk); 2) of the temperature (by thermovision camera or thermocouples) en the sample surfaces; 3) of the pressure (by 
pressure pick up); 4) of the conduction on the surface and in the bulk (in the case of conducting samples). 
WCRC shows an universal character: it can translate the pulse of energy through the samples of any of 4 main crystal types, 
some amorphous solids (glasses ) or condensed matter samples in the manner different from usual diffusion. Also WCRC 
could be excited by pulse beam as of laser (electromagnetic) as of electron (particle) 5 emissions with neighboring 
thresholds (about 5-10 kW/cm2). 
WCRC can present solitonic mechanism of heat transfer in condensed matter and could be important in many laser / surface 
interaction studies. As example, it could be important for investigation of processes in the materials exposed to pulse laser 
irradiation, especially in the case of pulse - periodic irradiation, where it is possible to get some new regimes of laser - 
matter interaction. 
The point is that even the WCRC which was excited by single IR pulse laser consist from the whole series of more than 30 
solitary kind waves (which velocity drop twice starting from speed of sound to less then cm/s). Each WCRC wave structure 
component keeps the velocity, measured signal variation sign and pulse shape in the process of propagation through the 
material and reflection from the sample surfaces. Each WCRC component can be reflected many times (20-30), so the 
whole wave process in the sample could be seen during many minutes as a very complex one. 

* Correspondence: Email: kudri@x4u.lebedev.ru ;Telephone:(095) 132-64-55 
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The present article will show the results of one more method of WCRC registration by help of single IR detector on the 
example of plexiglas sample investigations. 

2. EXPERIMENT 

2.1. Schema of experiments 

Schema of measurements is very simple in principle 6. The plexiglass samples of different thickness (2.0 and 1.5 mm) are 
irradiated through the IR lens (~10kW/cm2) by single 10.6 |J, C02 laser pulse (-0.3 s; -0.1 J) from one side. The temperature 
variation of rear side of the sample is registered by IR detect 
or equipped by appropriate scheme of signal amplification and treatment (description in more details of this part of 
experimental installation see in 6). 

/- 

beam shutter 
i~0f+—t< > 

CO2 laser 

amplifier 

*"" ^?  start 

2.2. Experimental data 

Fig.2a)b), 3a)b) presents a) typical results of 
the record treatment for 2.0 and 1.5 mm 
thickness, d, of plexiglas samples and b) - 
correspondent (x-t)- diagrams of WCRC 
reflection process. Excitation laser impulse 
(0.32 ms) region on t-scale is marked on 
Fig.2a)b), 3a)b) by vertical hatched column. 
Mostly we experienced with d=2.0 mm and 
for that case it is possible to present here 
many (-30) records treatment with the same 
features discussed later. It was fulfilled -100 
experiments separated in 7 series. 

2.2.1. Usual diffusion heating 

As one can see, the main common feature of 
both Fig. 2a),3a) (which could be seen at 
different curves smoothing) is a slowly 
increased IR emission intensity of rear side of 
the samples. (Curves 1,2 come through the 
maximum and then slowly falls down at the 
end of 10 sec display time). This IR emission 

intensity is proportional generally speaking to the surface sample temperature, T, and coefficient of light reflection by 
surface sample, R. One can suppose that R - value is constant in the process of usual slow heat diffusion flow from the front 
side of the undisturbed plexiglas sample. Then all the curves 1,2 on Fig. 2a),3a) correspond to the slow temperature 
variation of the rear sample surface, AT, with maximum value T^. Calculations of heat propagation through the sample 
(thin dashed curves 5) for two different thickness support this conclusion. The T^a for </= 1.5mm sample correspond to -3.4 
sec, in rather good agreement with both experimental curves on Fig. 3a). The T^ for d=2.0 mm is remarkably later ( -5.5 
sec). This agrees also well with experimental data of Fig. 2a). 

2.2.2. Solitonic wave 

There is one more common feature on the curves 1,2 of both Fig. 2a),3a) (curve 1 is shifted relatively curve 2 by ordinate 
for reader convenience). It is clearly pronounced periodicity of registered IR emission variation, M. We interpret this 
variations as the results of WCRC influence. As one can see from Fig. 2a),3a), the time variations of zero-lines 3,4 
(registered before or after group of experiments) are each less in amplitude; and else diminished in amplitude after 
averaging of them. Besides, there is no clear periodicity for zero-lines as it must be for the noise curves. 
As the opposite to this character of zero-lines, the curves 1,2 of Fig. 2a),3a) are periodically disturbed and this periodicity is 
clearly reproducible in different experiments made in the same conditions. Following to our interpretation of such a data, 
each WCRC component change periodically and locally thermodynamic parameters and optical characteristics of the 

generator 

Fig.l Optical scheme of experiment 
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sample surface each time when it appears there in the process of running between sample surfaces with many reflections 
and nearly constant velocity. 
For each specified time display and experimental point smoothing one can distinguish on the curves 1,2 mainly one WCRC 
component. It is periodically running back and forth between the front and rear sides of the sample and so produce 
periodical disturbance of IR emission intensity which are seen as variations AI 

2.2.3. Process of soliton reflections 

The correspondent (x-t)-diagram of WCRC reflection process is shown on Fig. 2b),3b). As one can see on Fig.2b), minims 
C2,D2,E2 are nearly equidistant. Their positions on (x-t)-diagram at X-2 mm (rear side of the sample) marked by oblique 
crosses. The correspondent WCRC component velocity Ut = 0.28cm/s. The (x-t)-diagram being extrapolated two more steps 
(to the minimum B2 and to the very beginning where measurements are not trustworthy) fit exactly to the start of experiment 
at t=0. It gives one more proof to our data interpretation. It is important to note that this WCRC component was generated 
on the rear side of the sample (what was usually happened also in experiments with massive metal sample ). 
One can go to more detail for better agreement of minims B2,C2,D2,E2,F2 with (x-t) diagram. It needs suppose that after 
some reflections the Ut -value start to drop (on -2.5% after 5*, -12% after 7*, and -13% after 9th reflection). 
Looking ones more on Fig.2a) one can note that minims d2,e2 (marked by circles on X=2 mm line of (x-t)-diagram) 
separated for the same distance as C2,D2,E2. In our interpretation and in agreement as example with it means that d2,e2 are 
"footprints" of another WCRC component moving with the same velocity but generated on the front sample surface (dashed 
line on (x-t) diagram). Also one can note that the same kind of analysis for curve 1 of Fig. 2a) which is periodically 
disturbed in less pronounced shape gives velocity J7,- about 4% less. 
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Fig 2a),b) Fig. 3a),b) 

2.2.4. Control WCRC velocity measurements 

Fig. 3a),b) presents the same records treatment as on Fig 2a),b) but for the thickness of the sample d = 1.5 mm. The same 
kind of analysis shows that velocity measured here from curve 2 is t/, = 0.24 cm/s and value measured from curve 1 is 
higher on 17%. (Between many reasons of that could be uncontrolled difference in the damage of sample surface which 
change the sample thickness and so one). The mostly important that velocities U-, measured in the same conditions for two 
different sample thickness (d - 2.0 and 1.5 mm) are well agree in the limits of errors (£/,- = 0.28 and 0.24 cm/s). 

2.2.5. Soliton reflections from sample walls 

One can note the sharp drop down of the curve 2 on Fig. 3a) behind the minimum D2. It starts at the time -3.3 times longer 
then period of WCRC component moving back and forth trough the distance 1.5 mm. As it was found, the place of sample 
excitation by laser pulse was in this experiment only situated 5 mm from both side walls of the plexiglass sample. The 
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WCRC component reflected from both side walls must come to place of measurements after time which is 5.0 mm :1.5 mm 
= 3.3 times longer then reflected from rear side of the sample. This proofs again that studied WCRC reflects as solitonic 
wave. Besides it proofs that light reflection variation AR has negative sign in WCRC, what was used in the (x-t) diagrams 
of Fig. 2b),3b) construction. 

2.2.6. Variations of light reflection or temperature? 

It is reliable to suppose that mentioned WCRC disturbances of experimental curves 1,2 of Fig. 2a),3a) correspond mostly to 
AR variations of sample surfaces. Change of reflection produce quick variation of IR intensity, AI, that could exist at 
constant value of T. Increased Ä-value in this conditions correspond to decreased IR emission intensity (which could be 
interpreted as local surface cooling at WCRC arrival. Theory of Frenkel and Kontorova' soliton permit it7.). 

2.2.7. Effect of sample "saturation" by solitons 

It is very interesting preliminary find of this investigation that the first experiment on WCRC excitation in the sample has 
the record treatment which contains much more pronounced disturbances, "footprints" of WCRC in comparison with the 
following experiments of the same series fulfilled later with the intervals 2-3 minutes. This situation shown on Fig. 2a), 
where curve 2 corresponds to the first experiment and curve 1 - to the third experiment fulfilled ~4 minutes later in the 
same series. As one can see the minimum deepness differs for this curves in many times. Nearly analogous situations could 
be seen in 3-5 other series experiments on plexiglas. 
The explanation of this could be in solitonic features of WCRC. Namely, classical solitons propagate trough the media 
without interaction with each other (see, as example 8). So there exists during minutes 5'9 in the investigated sample after 
repetition of WCRC excitations by laser pulses a lot of solitonic components which are slowly moving in different 
directions without interaction. Because each of them produce his own local influence on the sample it diminish the grade of 
disturbance pronunciation (saturation process). The same situation could be noted for the zero-lines registration which could 
include solitonic waves still living in the sample after previous experiments. 
We plane to control this facts in father experiments. 
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ABSTRACT 
Lasers have reached a relevant importance as production means, and are integrated in the manufacturing cycles of the most 
diversified industrial sectors, ranging from micromachining to heavy industry. This memory gives a short account of the 
state of the art of laser application in industrial production. 

INTRODUCTION 
In the landscape of industrial production, the fields of laser application are numerous and range from micromachining of 
silicon chips to shipbuilding: because of the countless number of applications there are obvious difficulties to produce a 
deep uniform analysis. In this memory we will try to give a picture as accurate as possible of the situation of laser based 
production and applications in Italy, with attention to general developments and to new industrial opportunities. 
Of clear relevance are all the applications of high power laser systems in industrial production, involving mainly cutting, 
some special drilling processes, few applications of treatments and cladding (prototyping) and welding at an increasing 
extent. Industrial sectors like automotive, aerospace, shipbuilding, energy and electromechanics will be briefly examined, 
with special regards to the situation in Italy and attention to the general state of the art and future developments which are 
expected in the next years. 
Laser micromachining is also a processing operation of basic importance for several sectors (biomedics, electronics, silicon 
chips production, brazing and joining of terminals); surface preparation and cleaning is another field relatively new in which 
laser processing is finding its niche of special industrial application. 

CUTTING 
Laser cutting is the dominating industrial application of the laser technology. As far as investments are concerned, laser 
cutting is involved for more than 60% of total of laser applications, covering a rough 85-90% of the technical market for 
high power lasers. The main reasons lay in the large degree of flexibility and in a noticeable productivity (rendering laser 
cutting a strong competitor of punching for medium size batches), as well as in the quality of the results achieved and in a 
relatively simple and robust procedure, at least in the general acception of 2-D cutting, which is the most diffused 
application. Applications range from 2-D cutting of metal sheets (sometimes coupled with punching systems) and pipes, to 
3-D cutting (trimming of formed sheets, beveling of pipes for subsequent welding), with processed thickness mainly in the 
range 1-6 mm, but with cutting capability up to 25 mm and even more. C02 and Nd:YAG lasers are the sources involved in 
high power cutting applications. Application to plastics may however be pursued with other sources. 
Laser cutting is produced by a beam focused on the material surface at a sufficient power density to cause heating, melting 
(combustion on non metallic materials), and vaporization. For small thickness the molten layer may reach the boiling point 
and vaporization prevails, otherwise melting is the relevant aspect which requires a gas flow in order to remove the liquid 

The assist gas flow, coaxial with the beam, removes the molten material. Depending on *^n5'?Sf(fr5HBBWW3L''!, - 
material requirements, the gas can be active or inert. The main process parameters for ^^^^K^^^^SwHKÖS 
laser cutting of metallic materials are: laser power, travel speed, type and flow of assist "^"f^'^l'i ÄA ^L^BJ^JJ'''■"$■, 
gas, laser spot dimension, nozzle distance from the material. '";&■.-££).''.*■' £* '^l^^ipsMliMife'; 
A distinction between strong (> 6 mm) and precision (< 6 mm) cutting is usually made. -^ *y^'t^^^\j^?.W ,fl^B 
Most applications may be found in this second field, since with increasing thickness the ^gBB|w^^wfe!; ■ J^M 
productivity changes dramatically. On metal sheets virtually every sector of industrial j-SSIÄ 

However the enhanced optical quality of modern laser sources allows high power lasers B Bff*^!n    B 
(3-6 kW) to be applied in cutting applications. Thus the productivity' and resulting I L^UP 
economical convenience of heavy section cutting is more evident (i.e. in shipbuilding). I ||    ^ 
On the market there are numberless laser cutting systems, in particular for plane or ^^^^^^■^^^^^^^■^ — 
tubes cutting applications, Fig. 1. However also 3-D laser systems have high diffusion        Fig j . Laser cut^ng system 
as in the trimming of body car parts for prototypes and pre-series. 
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As a brief conclusion laser cutting has to be considered a mature technology, widely used and generally accepted as a 
standard. Performance of existing commercial systems are of great relevance, for what concerns speed and dynamic 
stability, and few items have remained for applied research. 
The main objects for R&D at present days are related to quality and/or productivity increase in high power heavy section 
cutting, as well as to closed loop process control (a general objective of laser applications). From the technical point of view 
chamfering (inclined cutting) is getting more and more relevance in the landscape of industrial applications. 

LASER BEAM WELDING 
Laser welding technology shows advantages of considerable importance in several industrial applications, in particular for 
its high energy concentration which makes the welding process extremely innovative in comparison to conventional 
techniques. The laser beam can in fact be focused to a few tenths of a millimetre and can reach energy concentrations of as 
much as 1-105-1 • 107 W/cm2 (on spots which typically range between 0.04 and 0.4 mm, depending on the laser source, on the 
specific application and on the focusing optical system) which produce high penetration depths with a narrow molten and 
heat affected zone. 
The main feature of high power density laser welding is keyholing. The keyhole permits a deep penetration with high aspect 
ratios (weld bead depth to width ratio) much improved with respect to conventional techniques, and partly traps laser energy 
in the cavity, increasing absorption. 

Industrial Application of Laser Beam Welding 
The survey of industrial applications of laser welding has been organised by sectors. Some of these are already making an 
extensive use of LBW, as in automotive production, while in other sectors laser welding is under study as a possible 
competitor of existing production technologies, as is for riveting in the aerospace fuselage assembly. 

Automotive 
This is the first industrial sector which involved laser as a standard production welding technique. LBW of synchronizer on 
gears surpassed brazing techniques since the beginning of the '80s, with obvious advantages on process related distortion, 
allowing laser operations on finished parts. LBW is used in several components of the transmission chain, in the assembly 
of clutch elements, vibration damping components, and in general on cylindrical couplings used to connect spindles and 
gears (axels, steering boxes, etc.). In most situations weldability of such materials is not an easy task, and pre-heating may 
be necessary to reduce the chance of solidification cracking. 
Other special applications are in the field of motor parts, involving mainly the competition sector, with laser assembly of 
hollow structures as piston pins and rods, engine sodium cooled valves, all components made by special materials, from 
improved steels to titanium alloys and superalloys. 
Of relevant importance and wide diffusion, the LBW based production of semifinished elements for the car body-in-wbite 
assembly has somehow revolutionised the sector of car bodies manufactury. Since 1986 the laser beam welding process has 
been used for producing flat formable sheets made of sections of different thicknesses joined by laser, called tailor-blanks. 
In the field of car body assembly, several applications exist on industrial production lines. The most diffused is the joint 
between the roof and the side rails, although many others developments are already under exploitation to assembling 
front/rear rails which support the windscreens, to several parts of various hoods. At last, relatively new application is laser 
brazing of joints, where requirements force towards high surface quality standards. As far as new tendencies are concerned, 
the deep interest in space-frame design made up of tubular elements, and in the use of the related hydroforming technology, 
makes LBW a precious technique capable of tackling joining problems by a single side process, and a powerful substitute of 
spot welding processes. 
Other components welded for the auto-motive industry range from small tanks to parts of the exhaust system, from airbag 
elements to a large number of sensors widely used in automotive. A large number of new applications involve laser welding 
of plastics, using differential absorption of various polymeric materials to perform joining at their interface. Diode lasers are 
used to this purpose. 

Energy 
The energy sector is extremely diversified and usually characterised by components from relatively small up to huge 
dimension, in this case produced in small numbers. Power generation plant components (conventional nuclear fissile and 
fusion), conventional heat exchangers, turbine components, high temperature parts of furnaces, may all be tackled by laser 
beam welding, as long as thicknesses involved are in the range of up to 15 - 20 mm. 
Investigated applications are in the construction of parts for nuclear fissile power plants, where accuracy of preparation for 
joint edges is not typically an additional requirement. In the '80s studies have clarified the possibility to use LBW for the 
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assembly of tubes to plate for steam generators, and of connection tubes inside the cooling circuits. The results have shown 
the small distortion and high quality which characterise the laser process. 
A recent production of few functional modules of toroidal field magnets as shown the capability of controlling distortion 
even when relevant weld lengths are involved. 
Other applications in nuclear power plants range from dismantling (sealing/cutting), to assembly of special parts as spacing 
grids for tube bundles or fuel elements. Inflating spacers have been produced to avoid displacements in magnet batteries, 
and lasers have been tested for welding of resonating cavities, employed in physics. 
Conventional applications are far more easily driven to the technology with industrial objectives. In addition to applied 
researches on butt welding of pipe coils, and on laser assembly of membrane panel walls, as well as on pipeline elements 
(all on Cr-Mo steels often requiring pre-heating to avoid solidification cracks), many interesting components as panel walls 
for heat exchangers may be manufactured by overlap welding of flat sheets to drawn channels to form sealed ducts. This 
technique of composition is extremely relevant in the design of structures involving laser beam welding, and a typical 
example of product innovation related to manufacturing techniques. 
In conclusion, in the energy sector, laser beam welding is taken into high consideration for the low distortion - high quality 
joints produced. However the production volume, often limited to small series, is not sufficient to fully benefit of the 
particular features of the technique. Thus, more than real dedicated production systems, lasers are used on laboratory 
facilities applied to special cases. 

Aerospace 
Laser welding applications in the aerospace sector are widely encountered although at a limited extent, mainly for the 
competitiveness of electron beam welding. Two typology of componentes may be involved: aeroengines and airframes. 
In fact any production based on laser beam welding has been so far related to parts of engines, typically made in various 
superalloys (high temperature stages) or titanium alloys (compressor stages), with welded thickness limited to few mm. Lots 
of producers are using lasers to reduce distortions on finished parts, in general rings and casing, pocket closures or blade 
inserts. Productivity is of secondary concern while the required quality is often difficult to be achieved, depending on the 
processed material, due to defectivity like microporosity or microcracks. A widely adopted configuration is butt welding on 
2-3 mm thickness, even if also heavy sections are of interest. 
The repair and replacement of worn parts (laser cutting and rewelding) is another field that can grow in importance. 
Regarding airframes (fuselage panels, wings special sections, box-type flaps... ),the kind of material (aluminium alloys with 
high performances, series 2xxx, 6xxx, 7xxx) has up-to-now made difficult the welding technology. Traditionally obtained 
by riveting, aeronautical structures are highly exposed to corrosion. Moreover the increasing request of lighter structures 
makes the riveting not fit to obtain high performances. 
Nowadays a process of laser welding of skins is being studied. These skins are the external part of the fuselage and they are 
welded to reinforcement stringers: this is possible because of the development of new sources (high focalisation), the 
intensive use of weld wires and the study of new materials. 
The laser is also used to weld boxes for inboard electronic devices (avionics), made of aluminium alloy, for EM isolation. 

Shipbuilding 
Another possible sector in which laser technology is capable of leading to important savings is the shipbuilding industry. In 
the construction of internal decks and substructures of ships, materials and geometries involved in welding operations and 
suitable for laser welding as well as for automation are common standards. Carbon and low alloyed steels, although 
primerised with zinc base paints, are normally used in commercial ships while lower thickness stainless steels are mainly 
involved in military ships and aluminum alloys in fast transportation. 
Welding configurations are typically butt joints and T butt double sided joints, with thickness ranging from 5 to 30 mm, but 
mainly around 12-15 mm. Of course only a fraction of this production can be welded from one side only in a single pass; 
most welds starting from 15 mm are to be performed via opposite side or by chamfer filling multipass. 
A recent industrial application regards the stake welding of reinforcements through the external plate. It is an efficient 
method to complete closed structures from the outside. The thickness of panels may be up to 10 mm or more. 
The laser is also used in the production of special elements, such as the welding of cable guides in austenitic, ferritic- 
martensitic or duplex steels. Also various sandwich panels are actually produced by laser beam welding. 

Mass Production (house appliances, electromechanical components) 
Information technology is an important sector in which laser is profitably used. Printer components are laser cut and 
subsequently spot welded using solid state Nd:YAG sources. Solid state and diode laser sources are also used for brazing 
electrical components or mechanical elements such as print needles. Laser welded boxes for PC also have wide diffusion. 
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There are also several applications in the 
^Si^i^i-fti'      electro-mechanical      sector,   generally   on 

metal sheet. The greatest diffusion is in the 
field of electrical household appliances. 

Vä'"'i./_-    In the production of the washing-machines, 
T?3r the laser welding of stainless steel drums has 
S|f permitted a reduction in sheet thickness down 
;" IJIJJ to  0.4  mm,  with  high  productivity  and 

remarkable savings. This component can be 
welded in few seconds. 
The assembly of cooking plates, featuring 

Fig. 2-C02 laser welding of radiators special aesthetical requirements, is another 
interesting application, involving Nd:YAG 

sources, and wide diffusion of laser welding can be observed in the production of steel radiators for domestic use, Fig. 2. 
The CO2 laser is also used for welding solenoid valves, a delicate process because of  the materials involved and the 
required fatigue performance. 
A recent application is the welding of brass ball-valves: the bad answer of the material can be cause of difficulties but an 
appropriate joint design and Nd:YAG laser sources of high power solve the problems. 
Laser is used in producing circular saws for cutting granite: sintered diamond charged cobalt base sectors are welded to steel 
disks as a cost effective and high quality alternative to brazing, preventing disk deformation and improving resistance, 
particularly at high temperatures. 
Finally, solid state sources are used for spot welding of jewels and goldsmith's wares, as well for razor blades. 

HEAT TREATMENT 
The laser heat treatment is a solution to improve surface metallurgical qualities of metals (resistance to wear, to fatigue, to 
corrosion) in specific parts strongly stressed, with the maintenance of the base material properties in the core zone. Surface 
treatments can be subdivided in thermal processes, such as hardening and remelting, and thermo-chemical processes such as 
cladding and alloying. 
The main features of a laser treatment are: localized thermal input and limited distortion, no structural change in the non 
treated zone, treatment of difficult zones by means of specific optics, selectivity of application (not suitable for wide 
surfaces) and high cooling rate, related to high performance. 
The use of an appropriate coating (graphite, metallic oxides, colloidal suspensions) is required to achieve sufficient 
absorption of laser energy. In laser hardening, cooling rates of 1000 K/s and more occurs and are generally high enough for 
martensitic transformation. The short period in which the layer is above austenization temperature can lead to incomplete 
austenization as the time for carbon diffusion may be insufficient. Therefore the carbon distribution in the substrate has an 
essential influence on the generated spatial sequence of microstructures and the resulting hardening profiles. The phase 
transformation during heating causes a change of the grain size of the material. Compared to other techniques the hardness 
values are similar and metallurgic structures are finer. 
For the heat treatment of metallic materials, C02  laser sources are mostly used, but good results can be obtained with 
Nd:YAG lasers. A great number of components have been heat treated by laser technology: the first application was the 
hardening of the housing of the steering-gear in 1973. At present, laser treatments have been tested in many industrial fields 
as automotive, energy, aerospace. However most research results were not transferred to production, due to the strong 
competition of traditional techniques and high investments required by lasers. 
To supply a brief list of laser heat treated components, a mention is deserved by valve seats, pistons and valves for power 
stations, valve stems, crankshafts, camshafts, gears, gearshafts, gearshaft forks, turbine blades, knife blades. Laser processes 
have also been performed on printing-machine rollers and on components of measurement-machines, again without 
industrial success. 
By laser treatment it is also possible to change the chemical composition of the surface by adding other materials. During 
the coating process, melting of the base material may occur or not 
Compared to what previously underlined for treatments, other parameters influence the process: form of additional material 
and method of adduction (with related entities). 
To increase the absorbed energy and the efficiency of the laser process, the use of powder coating materials is preferred. 
The appropriate way of adduction and dosage of powders is very important and influences the thickness and composition of 
coating layers. 
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Since the first industrial application, the laser coating technology has taken great strides: nickel and cobalt base alloys, 
titanium, tungsten, chromium, molybdenum  carbide, iron-chromium-nickel-boron alloys, nickel-chromium-boron-silicon 
alloys, copper and aluminum alloys, as well as ceramic powders can be all adducted, at present. 
A different kind of coating a material is surface alloying using a gas: a chemical reaction occurs between gas and base 
material when laser radiation strikes the surface. A typical example is the nitriding of titanium alloys for improving surface 
properties: a thin yellow nitrided layer with very high hardness can be obtained. 
For laser coating the fields of possible application are many: automotive, energy, aerospace, forging, equipment and rolling 
sectors are the most commonly involved; coating treatments on knife edges, valves, dies, fire arms, flap guide, torsion bars 
have been carried out as experimental tests. Yet, despite the interesting results obtained, little relevance of this techniques 
has been evidenced in industrial production. 

CLEANING 
Presently several technologies are used to clean industrial objects and electronic devices: chemical, mechanical or a 
combination of both (chemical removers, water jet, sandblasting, etc.). The upcoming European environment directive will 
require to protect the environment against solvents. Laser cleaning can satisfy this requirement It has also other advantages, 
for example it is possible to apply the technology on critical materials and parts and on extremely adhesive paints. 
Several areas are interested by problems of surface cleaning. The most important are civil and military aircrafts, trains and 
buses, small ships, automobiles, moulds and dies, electronics and microelectronics devices, semiconductor wafers, medical 
equipments, monuments and stone buildings. 
Different laser sources can be used (C02, Nd:YAG),depending on the application. 
The comparatively large spot of C02 lasers make them fit for applications such as paint removing from aircrafts, trains and 
wide metal surfaces in general. High power levels are involved (about one kW or more) and this is why the surface material 
can be directly vaporised by the laser beam. Usual paint thickness are: 20-25 urn for the primer, 20-25 um for the surface 
paint. In this application C02 lasers can work both in continuos and in pulsed mode. When working in CW, the substrate 
can reach high temperatures and permanent deformations may be induced. The problem is avoided in pulsed processing. 
The applications of Nd:YAG lasers differ from the previous ones. Very often the surface paint is transparent to the laser 
beam, that is absorbed by the primer, this one vaporises, creating a pressure sufficient to scatter or detach the particles of the 
surface paint. In this way the cleaning action due to Nd:YAG is both linked to vaporisation and to mechanical phenomena. 
The beam power is relatively low: there are usually no problems of deformation and it is also possible to use Nd:YAG to 
clean wood or paper surfaces because they are not burnt. 
The application of Nd:YAG are disparate: paint removal from walls (graffiti), cleaning of monuments, cleaning stone in 
general but also wood, paper, metal... Regarding stone cleaning, the laser is often preferred to sandblasting because it 
leaves the surface less porous, that's to say stronger against atmospheric attacks. 

MARKING 
As far as plastic materials are concerned, the marking process can be used to create stencils on proper components, to 
recognise parts (quality control, recycling) and to personalise devices. 
Laser marking has a high esthetical quality for its sharpness and contrast, excellent functional properties, superior flexibility 
and little environmental impact because of limited and controlled evolution of toxic byproducts. 
Most applications involve CO2 lasers though also Nd:YAG are widely used. Plastics may also be marked with excimer 
lasers, producing a chemical reaction: the UV radiation, properly absorbed by the substratum, interacts with some 
components of the plastic, for example titanium dioxide, dispersed in the matrix. The UV radiation absorption causes 
molecular changes and creates new not stoichiometric compounds that absorb light, thus looking dark. 
There are two kinds of marking: extended imaging marking and plotter marking. 
In the extended imaging marking, the whole mark is projected on the component: an objective reproduces the image of a 
mask which is lighted up by the laser. The process is fit particularly for symbolise and defined marks (for example trade- 
marks) because complex handling systems are avoided. Excimer lasers involve this solution. 
In the plotter marking, micrometrical control tables or piezoelectric scanners move the laser spot along a prefixed path; with 
this technique complex masks construction is not needed but the productivity is lower because of the relative movement 
between beam and component. Plotter marking is generally accomplishes by CO2 or Nd:YAG lasers. 
Nowadays plastics marking is used to mark wires with excimer lasers for the aeronautical field, to mark PC-keyboards and 
to produce and personalise cards (both with Nd:YAG lasers). However marking applications are countless and CO2 lasers 
still retain supremacy. 
Regarding painted metal marking, laser advantages are similar to the ones for plastic components: in comparison the 
printing and other mechanical techniques, laser marking is faster, flexible and apt to be inserted in production lines. 
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The metal process marking is different from plastic marking 
because the contrast is not due to the colour change of the    ^BBBk  .-*& // 
material but to the creation of surface oxidation and/or 
nitridedlayers. ig^r 1   .  \ #.I».J 
In most cases the kind of marking used is plotter marking   S0rx2%]ky^* ,'* (ffik *»         
with Nd:YAG laser in Q-Sw mode; this laser is particularly   ffijjfc l|8HLÄ3* ^m*S^-^Ji' y%$<% 
fit because its high repetition frequency and short impulse     * *" 

A 
period let the superficial marking be realised with a limited By&^a&J&L -*y . V/"'' 
thermal input reducing the material restructuration to only a M   WMim <t^0^\y^0f'   ^^^ 
few microns of thickness.  In particular cases  such as \ Wr l/^^W~ 'l^T*** 
marking of big metal pieces with   big and low quality ~—~~~-~~~~. ~ 
stencils, Nd:YAG lasers are used in free running conditions: Fig. 3 - Stone and wood laser treatment 
they melt the material and leave the print on the piece. 

MICROMACHINING 
Micromachining generally refers to drilling and cutting operations on dimensions in the range of tens of micron. In 
comparison with traditional techniques, the laser has many advantages; the most important is the possibility to reach fer 
smaller dimensions than the ones got mechanically and to work in areas with a difficult access. The absence of contact with 
the piece and the process nature make possible to reach relevant accuracies. The process can be easily automated using 
numerical control systems: great positioning accuracy, high working speed and flexibility can thus be obtained. 
The removal process consists either in material vaporisation, obtained with high power density, or in molten material 
ejection in the shape of particles because of the great pressures developed. The intensity required is obtained using super- 
impulsed lasers, such as Nd-YAG Q-Sw, CVL, excimer, whose beams are focalised in very small areas. 
In these last years there is an increasing interest in Ti:sapphire laser in the micro-drilling field: its ultra-short pulses make 
possible to obtain excellent results both in efficiency and above all in quality. 
Regarding cutting, it is very similar to high pressure cutting. In the microworking field, the material is cut in presence of a 
neutral gas maintained in high pressure (15-20 bar); it expels the molten material which has not been completely vaporised 
by the laser, carrying out very precise processing. Laser micromachining is used in a wide range of fields (aerospace, 
micromechanics, microelectronics). 

CONCLUSION 
The industrial diffusion of laser technology seems conditioned by inertia to invest, traditional project criteria and 
manufacturing modality employed at present Regarding productivity and quality, the advantages are enormous, sometimes 
superior to specific industrial requirements but the technology diffusion is limited by the installation and management costs 
of a laser plant 
However recent improvements of the solid state sources with high power for which fibre optics beam delivery is feasible 
open up new horizons and partially revolutionize the laser perspectives in some industrial sectors, since most of the 
problems of beam management are reduced to a minimum. 
Regarding industrial production, during the last years, the laser system installations have increased in a considerable way, 
first of all due to laser cutting systems. Marking and cleaning applications are also very important while welding 
manufacturing systems are growing. In the heat treatment sector, potentialities are not yet exploited, however the first 
industrial systems are making their appearance on the market. 
Future developments are mainly expected in micromachining. Nevertheless most new industrial applications will be seen in 
the field of laser welding. 

Proc.SPIE Vol. 4184 503 



Computational Simulation of the Laser Cutting Process 

M.S. Groß, I. Black and W.H. Müller 

MASTRMAN - The Materials and Structures Modelling and Analysis Group 

Department of Mechanical and Chemical Engineering 

Heriot-Watt University, Riccarton, Edinburgh EH14 4AS, UK 

ABSTRACT 
This paper describes the implementation and numerical evaluation of a transient three-dimensional computer sim- 
ulation of the CO2 laser cutting process. Utilising Crank-Nicolsen-Finite-Difference equations for the solution of 
the Fourier heat transfer equation with Newtonian convection, the temperature distribution is predicted. For high 
accuracy the mesh is of non-equidistant nature, following a Weibull Distribution for the grid spacing. A parallel com- 
putation solver will be used, based on Aztec (a parallel iterative library for solving linear systems - www.sandia.gov), 
to calculate the nodal temperatures using a cluster of two HP J5000 workstations. Included in the solution is the 
behaviour of the material during phase change, whilst the open structure of the developed software allows incorpo- 
ration of effects such as surface oxidation, radiation and limited convective flow. The main area of interest is the 
cutting capability with respect to varying material thickness (e.g. tailored blanks), cutting speed, power of the laser, 
laser mode, focal spot diameter and material properties, as well as the effect of these parameters on the quality of 
the cut. Further developments will also be outlined in this paper. 

Keywords: Laser cutting, parallel computation, finite difference methods 

1. INTRODUCTION 

A considerable proportion of laser processing modelling work in the academic literature has been directed at un- 
derstanding the physics of the interactions between the various processes involved. Such modelling, based on first 
principles, is a necessary long-term contribution to the field, and has clearly provided stimulating challenges to a 
large number of scientists. However, only some of this work has been taken to a point where the results can be 
usefully extracted by those whose aims are towards the development and control of industrial processes. In common 
with many sophisticated modelling activities in other fields, provision of useful modelling tools for the industry is far 
more frequently cited as an objective than practised in reality. 

It can be expected that the laser industry will have a high level of integration with computers in the future. So 
far computer-based models are rarely found at a laser facility. Typically operating parameters are selected from data 
handbooks and based on operator's experience. Consequently, while modelling efforts in laser processing have been 
very extensive, this activity has not really led to the development of much software that can be used on-line. 

2. INTRODUCING CONVECTION AND PHASE CHANGE AS BOUNDARY 
CONDITIONS 

2.1. Finite Difference Equation (FDE) Involving Change of Phase 
To apply the phase change to the FDE's developed, Croft and Lilley1 suggest that the temperature fall AT should 
be calculated that would occur if the latent heat were extracted from unit mass of material of specific heat. For the 
approach taken, whenever a node temperature exceeds the transformation temperature during the solution procedure 
of the FDEs, the temperature is reset to the transformation temperature, and the difference between the predicted 
temperature and the transformation temperature noted. During subsequent iterations this adjustment procedure 
continues until the cumulative total of the adjustments is equal to AT. At that point the temperature will be 
allowed to continue to increase in the normal manner. Due to this procedure an amount of energy equivalent to AT 
is extracted from the model. A matrix to store the accumulated temperature difference can be used, which acts as 
storage for the case where phase change occurs due to the transition from solid to liquid during heating, and the 
transition from liquid to solid during cooling. 
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2.2. The Implicit 3D Crank-Nicolson Method with Surface Convection 

Crank and Nicolson2 developed a numerical method that can be used for the solution of the heat conduction equation. 
The time differential is expressed by a central difference operator. The partial differential equation is satisfied at 
the midpoint and therefore dT/dt is substituted by the difference approximations at the fcth and the (k + l)th time 
step, i.e.: 

fjrpk+1 rpk+1    _ rpk 
u   x,y,z _ Jii,!/,z      J»,y,2   ,  f)i A. +2\ 

~~dr~       At       +u^)- 

The derivative of temperature, T, with respect to position is expressed by the arithmetic average with respect to 
time of the second central differential operator, i.e. for example in x-direction: 

f&rpk+l 1      rpk+1 _ nrnk+1      I    rpk+1 rpk _ ryrpk ,    rpk 
u  xx,y,z i-,xx-l,y,z       nxx,y,z~ x x+l,y,z    ,   xx-l,y,z       ^i,!)^ TJi+l,y,z^   ,   r\( A Jl\ 

~d^~ = 2( Ä^ + Ax~2 ' + U[AX h 

Consequently, the FD formulation for 3D heat conduction with internal heat production becomes: 

rpk+1 rpk -I     rpk+1 _ nrpk+1      i    rpk+1 rpk _ <)rpk i    rpk 
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In order to introduce convection into this model, "ambient" nodes have to be defined which, in the end, will not 
appear in the equation matrix and, therefore, are substituted using the equation for Newtonian convection. 

Tx-i,y,z — 2Ax—(Tx^z — T0) + Tx+i]2/]2. (2) 

3. VARYING GRID SPACING ACROSS THE DOMAIN 

To obtain more accurate discretisation, a varying mesh size was employed in (x, y)-direction. Consequently, the heat 
conduction equation in 3D is discretised as follows: 

rpk rpk rpk _rpk rpk + 1 _rpk + l rpk + 1     rpk + 1 
rpk+1   _ rpk 1    Xx+l,y,z     1x,y,z   _   ±x,y,z     1x-l,y,z ..       s + l,«,z     ^x.y.z   _   *x,y,z        x-l,y,z 
xx,y,z       xx,y,z             £ 6x2 ££1 .   £ ÖX2 &xi , 

ö^t _    2 ^5x1 + ^Sx2 2 \5x1 + \5x2 

rpk                         rpk                        rpk           _rpk                                          rpk + 1            _rpk + l rpk + 1   _rpk + l 
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+    2 8? +2 6? • (3) 

This formulation can now easily be broken down into individual factors and programmed in matrix fashion as 
was previously done for a constant grid spacing. However, a procedure that allows a suitable non-equidistant grid 
spacing had to be set up. To achieve higher accuracy in representing the gradient of the temperature change, the 
grid spacing has to be small close to the laser. Far from the laser source the mesh can be coarse, since no rapid 
change in temperature will occur there. This has to be incorporated in an algorithm that computes the grid. This 
algorithm will modify the mesh according to the error norm as frequently used in computational mechanics. 

A suitable formulation for such a grid can be based on the Weibull function, since it allows change from a very- 
small grid spacing with a programmable gradient to a coarser one. The number of grid points left and right of the 
laser needs to be computed by fitting the Weibull function according to the position of the laser on the domain. 

3.1. Programming the Heat Input 

The laser beam was modelled as a heat production term in the set of linear equations. The intensity is modelled 
using the expression used by Miyamoto et al.3 : 

W ( -r2 \ 
-W = ^exp f-5-] (4) 

assuming a TEMoo mode (Gaussian) beam, where r = y/x2 + y2 and a is the beam radius at the 1/e cut-off point. 
This heat input is applied to surface nodes which therefore represents a surface load. Since the laser does not 
penetrate significantly below the surface in the solid and due to the lack of liquid phase this is considered accurate. 
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Material time until "burn-through" 

xl0_2[s] 

kerf width 

xlO-4 [m] 

cutting speed 

[m/s] 

Aluminium oxide 0.84 7.44 0.023 

Soda-Lime-Silica 0.57 7.88 0.023 

Silicon oxide - Quartz 0.21 8.36 0.023 

Silicon oxide - Cristobalite 0.12 8.62 0.023 

PMMA 0.57 9.12 0.160 

Table 1. Comparison of results for materials considered 

3.2. Materiell Removal 

The material removal is based on the shear cutting, i.e. all liquid is immediately ejected by the shield gas jet. This 
is incorporated in the mathematical model as follows. Once the system of equations has been solved, a routine 
scans through the results and identifies nodes that have undergone a phase change. From this information it can be 
determined how the matrix of linear equations needs to be altered, i.e. for the removed element the whole row is set 
to 0 and the element Aiti is set to 1. The right hand side is set to an arbitrarily high value to identify the removed 
material in later post-processing. To remove the conductive links to the neighbouring elements of the bulk material, 
the kind of element, i.e. corner or edge, produced at this point has to be identified and their row and right hand side 
is altered accordingly to remove the conductive link and substitute a convection term. 

3.3. Solution Procedure 

Previously the solution procedure was a divide-and-conquer Gaussian elimination method for banded matrices based 
on the parallel routine library ScaLAPACK (www.netlib.org/scalapack). The solution method was concerned with 
the solution of banded linear systems of equations Ax = b, where the matrix A is of order n x n. 

The key parameter for choosing between algorithms is the bandwidth. For small bandwidths, dense methods are 
very inefficient. Reordering methods behave the opposite way: the smaller the bandwidth, the greater the potential 
level of parallelism. However, reordering methods have an automatic penalty that reduces the spectrum over which 
they are the methods of choice: because of fill-in, they incur an operation count penalty of approximately four 
compared with sequential algorithms. They are therefore limited to an efficiency of no greater than 25%. 

The disadvantage of this routine was the fact that it did not cater for the specific structure of the matrix. A 
matrix resulting from a 3D discretisation of the Fourier equation onanxtixm domain consists only of seven bands 
with a bandwidth of 2 x n x m + 1. Hence a solver that solves the whole band, irrespectively of the zeros within 
the band suffers a fill-in penalty, which in this order of magnitude proves unacceptable. This is overcome by using a 
iterative solver, which computes only on the non zeros. Aztec is a parallel iterative library for solving linear systems, 
which is both easy-to-use and efficient. Simplicity is attained using the notion of a global distributed matrix. The 
global distributed matrix allows a user to specify pieces (different rows for different processors) of his application 
matrix exactly as he would in the serial setting (i.e. using a global numbering scheme). The authors are currently 
in the process of implementing this library into the simulation code. 

4.  CASE STUDIES 

Several case studies were performed. These case studies analysed the behaviour of three different types of material 
under laser cutting: glasses, ceramics and polymers (refer to Table 1). The results obtained correlate well with 
experimental evidence (for example see Black4). A fringe plot is reproduced in Fig. 1 and 2, removed material is 
indicated by the highest temperature shown. Within this plot, a close-up of the laser penetration zone is shown, 
sliced along the direction of movement. The domain is 8 x 8 cm and the dimensions shown are in metres, degrees 
centigrade and seconds, respectively. The workpiece moves to the left with a steady-state laser source impinging 
upon it. It is expected that a finer overall mesh would increase the resolution of these results but not neccesarily the 
qualitative result. 
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5. CONCLUDING REMARKS 

For the given materials the model developed enables the estimation of the burn through time, validation of cutting 
speeds, prediction of kerf-width, estimation of the temperature distribution in the bulk material, inclusion of focal- 
spot characteristics and laser beam intensity distribution and power level and influence estimation of convective 
environments. 

So far the simulation considers temperature independent values for Cp, A and as, which represents a constraint 
on the validity of the result. The practical relevance of the results would certainly benefit from the incorporation 
of temperature-dependent material properties. In the future a temperature dependent Cp will be introduced based 
on the Shomate equation. The fluid flow of the molten material is of major significance to the cutting process. The 
incorporation of this into the simulation model would describe the physical behaviour of the cutting process with 
increased accuracy and enhance the validity of the results obtained through the numerical simulation. This will 
be achieved by expanding the underlying physical description of the model to a full description based on a coupled 
momentum and energy balance. This will provide vital information about liquid velocities at the liquid/solid interface 
which leads to a significantly higher heat exchange between the overheated liquid and the solid. This will explain 
the cut profile given in Fig. 3 (which is not captured by the simulation so far). Furthermore this will enable us to 
compute residual stresses in the material which is of importance to the process and the geometrical distortion of the 
work piece. 

Furthermore it is planned to capture the dross (re-solidified material at the lower cut edge) as shown in Fig. 4 
and a more precise representation of the HAZ. It is obvious that a model for the laser/matter interaction itself on a 
microscopic level is needed in order to flexibly assess and analyse the cutting of different materials, since it is still 
difficult to find a concise description covering the different phenomena and materials encountered during the process 
(see Mazhukin and Samarskii5). Knowing the temperature history of the HAZ (heat affected zone) is also important, 
particularly for high load bearing structures, as well as memory alloys. 

REFERENCES 

1. Croft, D.R. and Lilley, D.G. 'Heat Transfer Calculations Using Finite Difference Equations'. Applied Science 
Publishers LTD, London (1977). 

2. Crank, J. and Nicolson, P.,  'A practical method for numerical evaluation of solutions of partial differential 
equations of the heat conduction type'. P. Proc. Camb. Phil. Soc. 43 (1947), 50-67. 

3. Miyamoto, I., Maruo, H. and Arata, Y.  'Intensity Profile Measurement of Focused COi Laser beam Using 
PMMA'. Proceedings of ICALEO '84 (1984), 313 - 320. 

4. Black, I. 'Laser cutting of perspex'. Journal of Materials Science Letters, 17 (1998), 1531-1533. 
5. Mazhukin, V.l. and Samarskii, A.A. 'Mathematical modeling in the technology of laser treatments of materials'. 

Surv. Math. Ind., 4 (1994), 85-149. 

Proc. SPIE Vol. 4184 507 



FORMATION OF LARGE VOLUMINAL DEFECTS 
IN TANTALUM Nd:YAG LASER WELDING 

J.M.JOUVARD(1)\ K.GIRARD(1'2), 

D. NORE(2), J. NADAL(2), G. PASCAL(2), Ph. NAUDY(2) 

(1) Laboratoire Laser et Traitements des materiaux, IUT Le Creusot, F71200 Le Creusot, France 
E-mail: jmj (sHutlecreusot.u-bourgogne.fr 

(2) CEA, F21120 Is sur Tille / CEA, F51420 Pontfaverger, France 

ABSTRACT: 

The purpose of this work is to study and model the formation of voluminal defects in laser spot weld on tantalum. 
Formation of these defects has been studied by radiography X-flash and modelled with FLUENT software. 

Keywords: Welding, defects, radiography, tantalum 

1. INTRODUCTION 

For specific application, we have to join tantalum pieces by laser welding. A pulsed laser is used to minimise 
heat input and consequently reduce tensile strains in the workpiece. This is particularly important for tantalum 
material, which has a high thermal conductivity. However, the optimum parameters often lead to the generation 
of voluminal defects within the molten zone. The objective of this investigation is to identify and understand the 
formation of these defects. 

The effect of a laser pulse on the material can be split into three consecutive stages [1,2]. During the first 
stage, the metal surface locally melts and vaporizes. Then a deep and narrow keyhole appears and traps the laser 
beam inside the material itself. During the second stage, the keyhole grows vertically and is surrounded by the 
molten metal. But due to both an excess of energy and to convective effects, the molten metal is ejected from the 
bottom to the top of the keyhole, where it gathers in a crown shape [3]. Finally, the last stage occurs at the end of 
the laser pulse. At this moment, the surrounding molten metal collapses into the keyhole and solidifies. The 
purpose of this work is to study and model the formation of voluminal defects during the solidification in laser 
spot weld on tantalum. 

An analysis of spot weld by Scanning Electron Microscope 
allows to observed voluminal defects (fig.l). Large voids consist 
in empty zones delimited by the melted zone boundary as if the 
molten metal had solidified before collapsing into the keyhole 
entirely. These voids seem to be the result of a lack of metal 
filling up the keyhole at the end of the laser pulse, associated to 
a very fast solidification. The study of the melt flow back into 
the keyhole  should  help  to  understand  the  voids  forming 
mechanims. 

Figure 1 : Detail of the large void 

2 . OBSERVATION BY X-RAY RADIOGRAPHY 

In order to complete these observations, we studied the solidification stage by radiography with an X-ray 
flash generator [4] and high sensitivity photographic films. The aim of this experiment is to visualize in a front 
face view, the matter behavior during and after a Nd:YAG laser pulse. 

A photodiode detects the beginning of the laser pulse and triggers the flash X-ray generator with a 
programmed delay. To one X-ray pulse, shot with a fixed delay, corresponds one laser pulse. Laser pulses are all 
performed with a peak power of 7 kW, and a pulse duration of 15 ms. The laser beam is tilted (10°) to avoid 
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reflections back on the welding device; the beam diameter is 1000 urn. The plume was drawn up. X-ray pulses 
are 30 ns long. The sample is a tantalum plate which is slided after each pulse. All the films have been digitized 
with a pixel size of 50 um x 50 um. The contrast is enhanced by image processing (reversal and histogram 
spreading). In spite of a bad resolution (300 urn approximately), the images give some information about creation 
stage of the keyhole and solidification stage [5,6]. Figure 2 shows results obtained in case of study of 
solidification stage. We can see images released with different delays after the end of the laser pulse. To one 
picture released with a precise delay, corresponds one picture, placed on the right hand side, showing the same 
spot weld which has been solidified. Dark parts absorbed X-rays so they stand for dense matter (solid or liquid 
metal) and bright parts did not absorb X-rays so they square with the gaseous phase (keyhole). 

The main results of this experimental study are : 
- We observe the keyhole formation during the impulse duration (15 ms). The keyhole appears between 3 ms 

and 4 ms. Then it grows until being stabilised around 12.5 ms. 
- At the end of laser pulse (figure 2), metal collapses rapidly into the keyhole which is occluded between 1 

ms and 1.5 ms. The mode of filling depends on the movements of the liquid, which can be different from one 
impulse to another. However, these movements tend to bring the liquid to the top of the keyhole and to trap gas 
inside. Also, we have formation of a cavity trapped during solidification. Furthermore, we can compare a picture 
released at a given time with the corresponding picture showing the same spot weld that has been solidified. 
There is an evolution between both images untill 5.0 ms, which is no more true from 7.0 ms. However, we cannot 
make the difference between strongly viscous liquid and the solid. One cannot deduce the solidification time. 

3. MODEL OF LARGE VOIDS FORMING 

In order to simulate the process of voids forming, we used FLUENT software [6]. This problem corresponds 
to the flow of the molten metal, initially rejected outside the keyhole and constituting the crown, through the 
keyhole. The driving forces are capillarity and gravity effects, which are quickly counteracted by the increasing 
viscosity of the cooling metal. 

Our example corresponds to the case of a laser impact realised with a peak power of 20 kW, and a pulse 
duration of 10 ms. The keyhole corresponding has a depth of 4.3 mm and a diameter of 0.8 mm. However we 
have simplified the geometry: The system has a cylindrical symmetry. The interfaces liquid-gas and solid-liquid 
are approximated by half-ellipses. The volume of liquid is assumed equal to the volume of the keyhole. Typically 
75% of the molten metal constitute the crown, the remainder corresponds to a fine layer of liquid covering the 
walls of the keyhole. This crown has an elliptical toric shape. Its cross section is rather complicated due to 
dynamical effects induced by the melt flow and to physical properties fluctuations with temperature. 

Main results are presented on figure 3. Initial conditions, at the end of the laser pulse, are shown on the first 
picture (instant 0.0 ms). On each image, the left hand part shows the calculated thermal field and the liquid/gas 
interface (black curve). On the right hand part, different phases appear (solid or liquid metal and vapour). The 
fusion isotherm allows to discern solidified metal from liquid metal. 

At the beginning, because of surface tension effects, molten metal tends to gather on the top of the keyhole. 
The metal lying on the keyhole walls is solidified (instant 2.7 ms). At 3.5-3.7 ms, the keyhole is occluded and 
some air is trapped inside. Then the geometry of liquid volume evolves under the action of surface tensions. On 
the top, the liquid mass gathers and forms a shape of warhead (5.1 ms), then becomes round (15.1 ms), and 
finally the solidified metal takes the shape of a "Chinese hat". Inside the hole, the gas pocket takes a spheroid 
shape. At 29.1 ms, only the upper part of the metal is still liquid. Consequently, the liquid can not flow down 
anymore and the void is trapped within the welded zone definitively. 

4. CONCLUSION 

Large voids forming was modeled owing to the study of melt flow back into the keyhole. Main assumptions 
concerned the definition of the system geometry. According to the results, the melt gathers at the top of the 
keyhole and collapses while cooling. Consequently, some vapor is trapped inside the weld preventing the keyhole 
from being filled up entirely. The study was made in the case of an isolated laser spot weld which is the most 
unfavourable case, thus. 

The experimental validation of simulation is not easy because of many difficulties for the observation of 
phenomena during and after welding:   speed of the phenomena, too small dimensions to be visualised (a 
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resolution of less than 100 |am is needed) and intense radiance induced by high temperatures. However, these 
results can be correlated with various observations. 

This model is in good agreement with observations made by X-ray radiography. At the end of the laser pulse, 
the melt flows back into the keyhole and traps some vapor inside. It solidifies before refilling entirely the hole 
and a large void is left within the welded zone. 

The X-ray starts at the end of the laser pulse. They prove that the keyhole refilling mode is at the origin of the 
formation of cavities. Indeed, on X-ray, we do observe that the molten metal obstructs the keyhole at the top and 
traps some vapour inside. Thus, it is difficult to correlate the results precisely. In particular, we cannot correlate 
the refilling durations. 

In order to compare the results of simulation with observations, we present, a micrography of the weld on 
figure 3. One notices a cavity similar to calculation, as well as a dome at the top of the weld in the shape of a " 
Chinese hat". 

Finally, we carried out a visualisation with high-speed video solidifying molten pool. We used a camera CCD 
Ektapro with 1000 images per seconds. At the end of the laser pulse, one can see an emissive zone, which makes 
it possible to locate hot metal. However, the images do not enable us to locate the isotherm of solidification and, 
consequently, to determine the duration of metal solidification on the surface of the workpiece. Moreover, the 
shape of the emissive zone changes in time. One can suppose that metal remains liquid at least up to 27 ms. This 
hot zone clearly takes the shape of a dome above surface. This observation confirms the results of simulation, 
which show that the liquid gathers above the keyhole and goes up high compared to the surface of the piece. 
Then, as in simulation, one notices that metal subsides little by little inside the keyhole by forming a dome 
characteristic of this type of welding. 

Thus this study enabled to note that, although the phenomena are not reproducible from one pulse to another, 
one can find rather clear tendencies, that show formation of cavities arises from the keyhole refilling mode. 

Two parameters are determining in the formation of the voluminal defects: the keyhole geometry and weld 
solidification time. The keyhole geometry influences the mechanism of filling. More keyhole is narrow and 
liquid layer is weak, more liquid forming the crown has difficulty to flow and gathers to form a stopper. The melt 
cooling is also very important, since the shorter the solidification time is, the more possible it is to trap voluminal 
defects. In cooling, the viscosity increase and the voids can not go up. 

A short duration allows reduce metallurgical transformations, but forms voluminal defects. The suppression 
of voluminal defects thus results from a compromise between optimization of these parameters which are induced 
by mostly the energy deposit mode. In particular, we can use a spatial or temporal pulse shaping. 
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ABSTRACT 

Laser texturing was performed on the sliding surface of silicon carbide sealing rings, in order to investigate the surface 
modification in relationships with the laser processing parameters and the tribological performances of the mechanical face 
seals. As no graphs or data sheets were found in literature on the surface absorption (or reflection) properties of the SiC 
versus the laser wavelengths, it was necessary to execute a series of screening tests using different laser sources, 
wavelengths (0.532 jam, 0.810 (im, 1.06 jam and 10.6 pm) and modes (Normal and Q - Switch) to verify the surface 
absorption properties of the SiC seal faces. So far, only the pulsed CO2 laser irradiation was proved to be efficient in 
producing regular shaped holes. Hole size and microstructural modification were related to laser power, pulse duration and 
spot size. Under selected processing conditions, seal faces were regularly textured producing microholes (80 to 100 \un 
diameter) at a distance of about 200 pjn (center to center of the holes). Tribological performances of these mechanical seals 
under specific proof tests evidenced the increase of the fluid fdm stiffness and seal life and the reduction of friction 
coefficient and torque values. 

Keywords: laser texturing, silicon carbide, mechanical seals, microstructure 

1. INTRODUCTION 
The potential of improving seal performances and increasing seal life by using laser texturing techniques, to form regular 
surface structures on the mating rings, was estimated experimentally on hardened steel mechanical seals [1]. The laser 
introduced modifications of the metal sliding ring surfaces were efficient to reduce friction and eliminate leakage [1,2]. 
No data are available on the possibility to apply these surface modifications to ceramic seals, although several studies 
concern the surface modification of ceramics by laser irradiation [3-7]. Lasers are ideal tools for fabricating small diameter 
high aspect ratio holes at designated locations, for cutting, for surface scribing, etc., thereby allowing flexible machining 
when other methods cannot be employed. Amongst the different types of laser, the CO2 laser has become a popular tool for 
machining sintered ceramics because it offers the recognized advantages of accuracy and speed. 
The principal aim of this investigation is to study the effects of using different laser sources to produce a regular micro- 
surface structure in the form of micropores on the face of silicon carbide mechanical seals. Several sets of preliminary 
experiments were conducted to investigate the surface microstructure modification depending on variables as laser energy, 
pulse duration and focused spot size. On the basis of these results, using a number of selected conditions, seal rings of 
internal diameter 18 mm, external diameter 28 mm, were textured with regularly distributed holes, in a number of 1200 per 
ring. Tribological performances of these mechanical seals were compared under specific proof tests to evaluate seal life, 
friction and torque. 

2. EXPERIMENTAL 
2.1. Experimental 
Commercial silicon carbide ceramic rings were used for laser testing. The density of the material is about 95%, an example 
of the material morphology is shown in Fig. 1: some pores and voids up to 10 pjn are observed. The surface roughness is 
0.4 ±0.1 |om. 
Several sets of experiments were carried out by using different laser sources: a Portable pulsed Nd - YAG, a Portable 
continuous High Power Diode 98 W, a Portable continuous and pulsed 25 W CO2, a continuous 50 W CO2, a continuous and 
pulsed 1500 W CO2). Individual, single-pulse, blind holes were drilled on the ceramic surface. The beam angle of incidence 
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was 90° and the beam was focused on the sample surface. Each specific set of experimental conditions is reported in the 
next section, along with the related results. 
The microstructure and microchemistry of the treated areas were analyzed before and after a mechanical polishing in order 
to remove the debris areas around each hole. After laser treatment and after polishing the hole diameter and depth were 
measured by optical and SEM microscopy. 
After the screening tests, rings textured with 1200 holes were produced using the pulsed CO2 laser with different hole mean 
diameters: 80, 100, 130 and 150 pm. In order to evaluate the influence of microporosity on the friction coefficient and 
torque of the mechanical seals, room temperature wear tests were performed with a columnar tribometer "disk on disk". The 
ceramic ring was mated with a carbon ring. The tests were carried out in a wet environment, with a load of 32 Kg and with 
two rotating speeds: 1000 and 3000 rpm. The tests were carried out also on untreated ceramic rings for comparison. 

3. RESULTS AND DISCUSSION 
3.1. Preliminary tests 
As previously mentioned, several sets of experiments were carried out varying the laser source, the wavelengths and modes. 
In the following some considerations are pointed out, relatively to the effects related to the laser processing conditions: 
- Diode Laser Array Source: the 0.81 pm wavelength is poorly absorbed by the SiC surface in spite of long exposition time 
(5 to 10 sec). The surface of the specimen reached a very low temperature (about 40°C), even when 16 W and 98 W, in 
continuous wave regime, were employed. In addition, as the outcoming laser beam is rectangular shaped, after a focusing 
lens (f = 55 mm), a rectangular spot (0.3 x 0.4 mm) was obtained; which is not acceptable for the microdrilling applications. 
- Nd-YAG Laser, with a multi-articulated arm, operating both in 1st armonic (1.064 pm, in N-Mode or Q-Switch regimes) 
and in 2nd armonic (0.532 pm, in Q-Switch Mode), interesting results were obtained, although photo-thermal and/or photo- 
mechanical effects cannot be excluded. Moreover, as the multi-articulated arm (with 7 mirrors) strongly affects the final 
results, further tests are necessary to assess the suitability of this laser equipment 
-25W.50Wand 15kwC02 laser sources: in the continuous wave regime, with power level ranging from 1 to 25 Wand 
from 10 to 50 W, no effects were produced on the SiC surface even under very long exposition times (up to 20 sec). These 
power levels were^considered not sufficient for laser texturing. Similarly, the series of tests executed in pulsed and super- 
pulsed regimes, by using 1 to 50 Hz repetition rates, different values of T ON and T OFF, different pulse widths (0.1 to 8 
ms), diverse T ON / T OFF ratios, diverse medium power levels (0.5 to 10 W), produced no positive results. This was probably 
due to the low medium power and energy per pulse that this source provides. 
These preliminary tests evidenced that only the pulsed CO2 laser (X = 10.6 pm, maximum continuous wave power (P„,) 1.5 
kW) is suitable for texturing the ceramic surface. 

3.2 C02 pulsed laser tests: influence of the laser parameters on the hole characteristics 
A test program was formulated to determine the effect of varying the following parameters individually: laser power, pulse 
duration and lens focal length. The pulse duration was varied in the range 0.5 to 2 ms, whilst maintaining a constant laser 
power and lens focal length. The same series of trials with variable pulse duration were then repeated for two levels of P«, 
laser power (0.5 and 1 kW) and three lens focal lengths (31.75,63.5 and 95.25 mm). 
The values of the hole depths and diameters plotted against the pulse duration, for two values of laser power (0.5 and 1 kW) 
and for three values of lens focal length (95,64 and 32 mm) (i.e. at decreasing values of spot size) are shown in Figs. 2a-b. 
The penetration depth is affected by many factors, i.e.: pulse duration (ms), pulse energy (J), depth of focus (mm), energy 
density at the sample surface (kJ/cm2). 
So, at the end of the test experiments, it is possible to underline the following final considerations: 

♦ To obtain the minimum (the lowest one ) hole diameter (about 80 to 100 pm) it is necessary to adopt the shortest / ( 
31.75 mm ) and the lowest P„ value (0.5 KW), indipendently from all the other working parameters. 

♦ To obtain the maximum (the highest one ) hole depth (about 250 to 300 pm) it is necessary to adopt 

f 31.75 mm -      ?„      1 KW - Pulse Duration 1.5 ms to 2 ms or 

f63.5  mm-    Pw     1 KW-Pulse Duration 1.2 ms to 1.7 ms or 

f63.5 mm - Pw 0.5 KW-Pulse Duration 1.7 ms to 2 ms 
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♦ Once that/and P^ are fixed (31.75 or 63,5 mm - f» 0.5 or 1 KW ), when the pulse duration ( energy per pulse) 
increases from 0 sec to 10 sec, M H D,( Medium Hole Depth ) always increases for pulse duration from 0 to 1 ms . 
This is due to the contributions of the 

Depth of Focus , Energy Density, Energy per Pulse and Pulse Peak Power parameters . 

After 1 ms value and till to 1.5 (or 2 ms) pilse duration , the Peak Power parameter (having reached its maximum value to 
1 ms ) cannot strongly partecipate to the process ;so that only 

Depth of Focus , Energy Density  and Energy per Pulse  parameters 

can partecipate to increase MUD, values . Into this range ( 1.5 to 2 ms ) these last three parameters reach also their 
individual maximum value (different according to/and Pm pair cosidered ), so that M HD, does not more increases (the 
process has been saturated ), that is, even it begins to decrease. 

After 2 ms till to 10 ms pulse durations M H D, lightly decreses and the surplus of the energy, furnished to the process , 
makes only to widely to enlarge the surface entry diameter of the micro - hole on SiC. 

♦ If the /is still increased ( e,g, 95,25 mm ) as setted , at the first, on the range 0 to 1 ms , there are two opposite 
contributions of Z and D,; this last one becomes more important respect to Z, so that the increasing of Z is not anymore 
able to compensate the decreasing of D, .All this makes to the lowest values of M H D, , compared with ones 
obtained by using /31.75 or 63.5 mm (at Pm 0.5 or 1 KW). 

♦ After 1 ms and till to 2 ms , MH D, is strongly increased and it is due to the contributions of 

Depth of Focus , Energy Density  and Energy per Pulse  parameters. 

Finally into the range 2 to 10 ms , the system saturates and the behaviour is similar to the one already and just referred 
above as regarding the other focal lengths. 

♦ Even if, from fig.2, the MHDi ( Medium Hole Diameter ) seems not to be constant for each setting of /and P„, pair 
, this is only apparent and due to an experimental error . In fact, from examination of the experimental and measured 
data, it is evident that the difference among the MHDi values and the other single measurements, for each/ and Pm 

pair, is only a tenth or some tenths of micrometers, acceptable as scattering values. 

3.3 General features of the holes: morphology and microstructure 

The general shapes and profiles of the drilled holes are revealed in Figs. 3a and 3b at lens focal lengths 31.75 mm and POT 

laser power levels of 1 kW for different values of pulse duration. 
When the laser beam irradiates the ceramic surface very high temperatures are reached in a short time, which cause melting 
and vaporization of SiC. The laser beam produced cone or cylinder-shaped holes depending on the extent of penetration. 
Holes produced by a pulse duration of 1 ms are conic shaped, but subsequent penetration resulted in parallel bores. The 
build-up of debris and melted material around the holes, caused by heat, increased with increasing the pulse duration and 
decreasing the laser spot (i.e. increasing the energy density). Moreover, heat caused material adjacent to the scribe to be 
fused into a glassy-like phase. The heat affected zone extended beyond the crater around the hole an area of melted material 
was always present Inside the crater wall droplets of silicon were observed resulting from the decomposition of SiC. Along 
the crater walls inside the hole, a subtle porous scale of about 7 to 8 microns is present with a morphology completely 
different from the bulk. The porosity of such scale is probably due to emission of gaseous species during the decomposition 
of SiC. No or little oxygen amount was observed inside this scale, i.e. no oxidation occurred of the chemical species 
although the tests were carried out in air. The tests carried out showed that for pulse duration < 0.5 ms and Pm = 0.5 kW no 
appreciable material removal was observed. In this case there was not enough energy absorption to cause vaporization. 
However the heat transmitted to the material caused melting and formation of glassy phases. Presence of cracking due to 
thermal spalling was also observed on the melted material. Microcracking is always present in the samples treated, which is 
again an effect of heat Thermal shock caused microfractures which extend radially from the hole as well as along the cone 
profile. The series of tests performed showed that it is possible to use a pulsed CO2 laser to produce micro-holes in silicon 
carbide. However, the dimensions of the holes and their surface and subsurface characteristics are strongly affected by the 
processing parameters. 
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Seal rings textured with 1200 holes 
In the case of mechanical seals, according to previous results [1], positive results were demonstrated for pore dimensions 
around 100 \ua. Therefore, for silicon carbide, this study evidenced the possibility to obtain holes having diameter and 
depth in the range 80 to 150 um, using a pulsed CCfe laser, with Pm of 0.5 kW, and lens focal length of 31.75 mm and 63.5 
mm. The pulse duration were 1, 1.2 and 2 ms. Higher laser power induces more evident undesirable effects on the 
microstructure of the area affected by heating. 
All the seal surface was textured with about 1200 holes (see an example in Fig. 4a and 4b ). 
The laser treated surfaces were polished for a short time (30 s) and the thickness of the layer removed was about 13 to 14 
micron. The final roughness in the region far from holes was 0.070 to 0.078 um. In the micrograph of Fig. 4b some holes 
resulting from treatment at focal length 31.75 mm and pulse duration 2 ms are reported before and after polishing. Despite 
the removed layer, radial cracks are still present around the hole. Radial cracks are present in almost all the samples 
examined and their extension increases with increasing pulse energy. In some cases radial cracks extended from one hole to 
the adjacent ones, creating a network of cracks. In this case brittle areas are generated on the ring surface that may 
deteriorate the seal performance. During polishing, spalling around the holes was observed. These phenomena of crack 
formation and spalling were found to increase as the pulse duration increased, so that short pulses seem to be preferable. 

32. Tribological tests 
We carried out the tests on 4 sliding rings made of Silicon Carbide laser textured. The medium measured 

diameters of the micro-bores were 80,100,130 and 150 urn. 
Each sliding ring worked against a carbon sliding ring, leaving the same surface finishing on each ring. 

The tests were performed in water under atmospheric pressure and room temperature conditions . During the tests 
we imposed an axial load of about 32 Kg and two different speeds of 1000 and 3000 rpm. 
The goal of these tests was to have showed the influence of the micro-bores on friction ratio and torque. 

We controlled the percentage difference of these two parameters, changing the speed and comparing the last ones 
with the same tests performed on rings not textured. 

From the results analysis it was clear that the best working condition was obtained with the 80 pm micro-bore 
medium diameters, because there is a decreasing of the friction ratio and the torque even at the lower speed ( 1000 rpm ) 
in comparison with the SiC rings non textured. 

With the micro-bores until 130 (im diameter and at 3000 rpm speed value a similar behaviour was observed . At 
the lower speed ( 1000 rpm ) an increasing of torque was noticed : this fact can explain the hypothesis that, with diameters 
of the micro-bores higher than 80 jun, the hydrodynamic lift decreases, favouring a closer contact between the rings. 
This phenomenon was more evident when some rings, on which micro-bores with diameters higher than 130 |im, were 
tested. 
This effect , already known as mixed friction, is a consequence a fluid film formation with a variable thickness between 
the two sliding rings. Generally, the variability of this thickness is a function  as of the test conditions as the surface 
finishing. 
Till to now the influence of the micro-bores depth on the tribological tests has not been yet verified. 

3.2.1 Bench Tests 
We carried out some life tests on three different SiC sliding rings. The medium measured diameters of the micro-bores are 
90,100 and 135 Jim. 
We mounted these SiC vs. Carbon sliding rings as seals, assembled on pumps, used for automotive appliances so that to 
simulate an automotive engine cooling circuit. 
The tests had a standard duration of 1000 hours. The cooling fluid temperature (water plus antifreeze at 50%) was hold at 
90°C temperature while some sliding rings, that rotate at 7000 rpm, were employed. 
At the end of all these test series , we did not notice any leakage. The surfaces of Carbon and SiC showed a good final 
finishing without scratches. 
The micro-bores, textured by laser, are partially filled by deposits , composed by some fluid and carbon powder , which 
enhance the lubricant characteristics of the fluid film at the interface. 
The increasing of the fluid film thickness, due to the effects of hydrodynamic lift as supposed on the previous tests, did not 
evidence some leakage. 
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4. CONCLUSIONS 
Silicon carbide mechanical seals surfaces were laser-treated to produce micro-pores of various dimensions and shape. An 
extensive study was carried out using different laser sources. After a series of preliminary tests it was assessed that the most 
suitable laser source to produce regular shaped holes is a pulsed CO2 laser. Several sets of experiments were performed to 
determine the relationships between the laser processing parameters and dimensions and surface characteristics of the blind 
holes. Hole diameters as low as 100 |jm and scarce undesirable effects were obtained using a P„, laser power of 0.5 kW and 
a lens focal length of 31.75 mm. 
In the second part of the work, the whole surface of the seals was textured with 1200 micro-pores with diameters in the 
range 80 to 150 Jim. The microstructure of the as-laser treated surface was compared to that of polished surface, in order to 
observe the extent of surface defects and cracks. 
The best tribological performances were achieved by using some sliding rings on which 1200 micro-bores with a diameter 
of 80 {im were been produced . The following life test results confirmed that there is no leakage by adopting this surface 
laser texturing. 
All the bench test series furnished positive results and any leakage or wear on the carbon sliding rings was apreciated. On 
the ligth of all just referred the best laser working parameters are: 

31.75 mm focal length - 1 ms pulse duration - 1 KW Pc«,       or 
31.75 mm focal length - 1 ms pulse duration - 0.5 KW P«, 

We are planning to carry out some other tribological tests to verify which is the best diameter of micro-bores for each 
rotating speed value ( on the range 4000 to 7000 rpm) and also to carry out other life tests , on the sliding rings with micro- 
bores diameters higher than 130 \im, to verify a possible different behaviour. 
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ABSTRACT 

The paper summarizes drilling results obtained in the pulse regime from milliseconds to several hundred femtoseconds. A 
new drilling procedure for unprecedented accuracy and a model explaining experimental results will be presented. 

Keywords: drilling, diode-pumped solid-state lasers 

1.    INTRODUCTION 

Lamp pumped Nd:YAG lasers with pulse lengths of several tenths of milliseconds are well established tools for drilling 
technical materials. A well-known example is the drilling of airfoil cooling holes in components of aircraft engines. 
Recently, a new application was published showing the entrance of laser drilling into the automobile manufacturing. A fuel 
filter is produced by perforating a nozzle holder with 540 holes of 80 um diametertl]. Both applications have in common that 
the desired function is achieved by a multitude of holes and that a certain degree of inaccuracy of diameter and shape as well 
as a thin recast layer can be tolerated. In cases when higher accuracy is required, laser drilling with millisecond pulses could 
not meet the requirements, however. 

Even in well established applications a lot of problems are not solved satisfactorily: 
• Recast layers cause cracks, 
• the protection of walls opposite to hole exits necessitates additional process steps, 
• insufficient process stability leads to the need of exhaustive control, 
• ceramic coatings tend to chip off around the hole, 
• shaped hole cross sections and higher aspect are out of reach, still. 

Recent attempts to overcome these problems have been published in the U.S., mainly. For instance, Chen showed the 
advantages of shorter pulse duration[2] (several hundreds of nanoseconds) and visible light instead of infrared131. In that case, 
green light was obtained by frequency doubling, whereas Chang[4] used a similar wavelength of a copper vapor laser and 
demonstrated the potential of this laser type for precise machining. 

2.    MEANS TO INCREASE PRECISION 

2.1      Reduction of Pulse Length 

In classical machining processes, the shape of the cutting edge and its programmed path determine the machined geometry 
directly. When a laser is taken as tool, however, this is not the case, see figure 1[5]. There is an influence of the intensity 
distribution, certainly. The changes in hole shape at given materials could be attributed to variations of the intensity profile. 
But obviously other factors play an important role, additionally. The initial intensity distribution is altered by its effect on the 
workpiece, i.e. the hole it produces. The response of the workpiece is determined by materials properties such as 
absorptivity, temperatures of melting and boiling, density and specific heat. This explains the obvious systematic differences 
between hole shapes obtained in different materials as shown in figure 1. 
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Fig. 1: Shape of holes drilled in different materials with single pulse drilling (0,4 ms, 5 J) 

In laser drilling, material is removed as a mixture of melt and vapor, the distribution of which depending on materials 
properties and laser intensity: A large amount of melt is advantageous for process efficiency, but causes a destabilization of 
the process, on the other hand. The thicker a layer of melt is, the less is defined its surface geometry, the more the reshaping 
effect of the hole geometry fluctuates. The thickness of a layer molten during a laser pulse can be reduced by shortening the 
penetration depth 1 which is composed of an optical (la) and a thermal (U) contribution: 

l = L+L (i) 

In metals, 1„ is smaller than a tenth of the wavelength, generally, and can be neglected in equation (1), therefore. For 
dielectric materials, this is not the case in visible and near IR wavelength range. If irradiated with high enough intensity, 
however, ceramics decompose and produce metallic surface layers limiting optical penetration depth'61, '71. In both material 
groups of technical interest, metals and ceramics, penetration depth is determined by the thermal one, therefore. This thermal 
penetration is given by the thermal diffusivity K and the pulse length TH 

L = 2V^ (2) 

provided TH is longer than the electron/photon relaxation time being in the order of 10 ps. 

The expectation to increase drilling accuracy by shortening the pulse duration was not fulfilled in a first attempt, however. 
Figure 2 shows massive recast layers on a hole wall after percussion drilling of 1 mm thick steel with a nanosecond laser. 
From this it was concluded, that the reduction of pulse duration had to be accompanied by the development of adequate 
processing techniques.  

Fig. 2: Typical recast layers in percussion drilling of 1 mm thick steel with ns lasers. The total recast with thickness up to several tens 
of micrometers is composed of about 1 urn thick layers 

520 Proc.SPIE Vol. 4184 



Single pulse percussion trepanning helical drilling 

laser-micro 
machining 

Fig. 3: Processing techniques in laser drilling 
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Fig. 4: Percussion (dh = 0) and helical drilling of 1 mm thick ceramic Si3N4 with variation of the helical diameter dh from 0 
to 60 urn. The ratio of exit through entrance diameter (left) and the average drilling rate determined by the number of pulses 

necessary to drill through are shown. 
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2.2      Processing Techniques 

In industrial applications of laser drilling three techniques are used, up to now (see figure 3): 
• single pulse drilling, 
• percussion drilling, 
• trepanning. 

In this sequence the required number of pulses increases. This can be used to increase the machined volume, on one hand. If, 
on the other hand, the total volume is kept constant and the volume per pulse is reduced (by shortening the pulse duration, 
e.g.) the accuracy of the process can be increased. 

Trepanning is the standard technique for large hole diameters, e.g. 500 um holes in turbine blades. It is essentially a 
percussion drilling process followed by a cutting procedure. Start and end of drilling path are often visible as deviations 
from circularity'81. The application of nanosecond pulses to trepanning allows to increase hole quality. The load on walls 
opposite to hole exits is reduced, especially if a sensor is used to detect break-through'91. Furthermore, the chipping-off of 
ceramic layers can be avoided'101. 

A new technique, the so-called helical drilling, makes use of the breaking up of the process into a multitude of ablation steps 
in order to enhance the accuracy. In contrast to trepanning, the helical drilling reaches the breakthrough only after many 
turns of a spiral describing the path of the ablation front. This has favorable effects on drilling accuracy: 

• The described deviation from circularity caused by the cutting path's start and end in trepanning does not occur, 
• the load on opposite walls is minimized. 

Furthermore, and this is the main advantage, recast layers as observed in percussion with ns-lasers (figure 2) are greatly 
reduced or completely avoided. While penetrating the workpiece, the focal position, the pulse energy and to some extend the 
helix radius can be varied. 

Depending on the application a certain shape of the hole is required. The most simple geometry, a cylinder, turned out to be 
a challenging task for laser drilling. A measure for cylindricity is the ratio between exit and entrance diameter. This ratio is 
shown in figure 4 together with the average drilling velocity calculated from material thickness divided by number of pulses 
for breakthrough''"1. The helix diameter dh is varied from 0 to 60 urn. Figure 4 shows that for the given plate thickness of 
1 mm, wavelength of 539 run and pulse duration of 220 ps an energy density of about 100 J/cm2 is required to approach 
cylindricity if percussion drilling (dh = 0) is applied. Using helical drilling with dh = 20 um, a diameter ratio of 1 is achieved 
at 50 J/cm2, already. The drilling velocity is nearly the same in both cases. In helical drilling the removed volume is larger, 
however, so this indicates a better efficiency of this technique. If the helical diameter is chosen too large - the optimum value 
being near the focal diameter - it is no longer possible to achieve cylindricity, however, see figure 4. 

The following figures 5 and 6 exhibit some examples of successful applications of the helical drilling method on ceramics'81 

and steel'121. The bores in the ceramic material Si3N4 demonstrate a diameter and aspect ratio range which has not been 
accessible before for these materials. The cross section through steel shows high cylindricity, no visible recast layer and 
sharp entrance and exit edges. The little recast on top of the plate around the hole entrance can be avoided by additional 
technical measures. 
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Fig. 5: Microhole in 1 mm thick Si3N4 (helical drilling, A. = 532nm, TH= 10 ns, df= 11 um). Left: profile obtained with laser scanning 
microscope, right above: entrance, right below: exit 
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Fig. 6: Microhole in 1 mm thick steel plate (helical drilling, X = 1,06 um) 
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3.     CONCLUSIONS AND OUTLOOK 

Newly developed diode pumped solid state lasers offering pulse energy values beyond several mJ at pulse duration near to 
10 ns allow to drill microholes of high aspect ratio and unprecedented accuracy in steel and ceramics. A further increase in 
accuracy is expected by using pulses in the ps and fs range. Stable turn-key lasers with high focussability, adequate 
processing techniques and suitable systems have to be developed, however, before the potential of ultrafast pulses can be 
exploited for industrial applications. These are the tasks of a new joint BMBF project called PRIMUS which started at the 
end of 1999. 
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Amorphous silicon crystallisation by a long-pulse excimer laser 
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ABSTRACT 
In this paper we summarise the results of the annealing of a-Si films done at ENEA Frascati by the XeCl laser facility 
Hercules and the preliminary results of the characterisation work done on the first Italian industrial high-energy excimer 
laser, named Hercules L. Some information will be also given on a novel process to obtain homogeneous, large grain poly-Si 
and on a new homogeniser with zoom. 

Keywords: Excimer laser, homogenizer, silicon annealing, super lateral growth, TFT, flat panel display. 

1. INTRODUCTION 

The transformation of amorphous silicon (a-Si) into polycrystalline silicon (poly-Si) is an important process in 
microelectronics, since poly-Si films are used for the fabrication of high-mobility Thin-Film-Transistors (TFT) which are a 
key-component of flat-panel displays. The preferred light source for the transformation a-Si into poly-Si is the excimer laser, 
because its high-power UV pulse may increase the temperature of the silicon film up to the melting point without heating the 
substrate. In this way, the substrate can be made by glass instead of the expensive quartz used in the traditional high- 
temperature oven annealing process. 
ENEA co-ordinates the EU-funded Project FOTO \ aiming at the construction of a 200 m2 clean room for the production of 
high-mobility TFT. In this frame, the task of our laboratory was twofold: 1) Find the optimum working point for crystallising 
(10x10) cm2 a-Si panels by using the XeCl laser facility Hercules (k - 308 nm, E = 8 J / pulse, At = 160 ns) and a line-step 
homogenizer; 2) Design, construct and test a new industrial prototype XeCl laser, similar to Hercules, in collaboration with 
the Company El.En. 

2. ANNEALING a-Si FILMS 
2.1. The laser facility Hercules 
The XeCl laser Hercules is operative in our laboratory since 1987, and it has been used as a laser-facility for high- 
intensity/large-area irradiation experiments (e.g., laser-plasma, material processing) since 1992. Details about the Hercules 
performance can be found in 2'3' 4'5 and references therein. In the configuration chosen for these experiments, Hercules 
delivers 8 J per pulse within 160 ns FWHM in a spot size of (10x5) cm2 at a repetition rate of 2 Hz. In this working point, the 
shot-to-shot output energy fluctuation over a typical 100-shots burst is less than 4%. 

2.2. Grain size vs. laser fluence 
In order to find the optimum working point for crystallising a-Si panels, the first action was measuring the size of poly-Si 
grains as a function of the laser energy density. This is a crucial point, because the field-effect mobility of TFT is 
proportional to the grain size. We irradiated a 50-nm-thick a-Si film deposited on glass by a single-shot of Hercules focused 
by a cylindrical lens, as shown in Fig. 1. In this way, we annealed the a-Si film with fluence ranging up to 0.5 J/cm2, and 
measured the poly-Si grain size by Scanning Electron Microscope. Then, we removed the poly-Si and scanned a photo-tube 
with a 50-pim pinhole, clamped on the motorised slide, for the measurement of the fluence profile. To achieve a one-to-one 
correspondence between grain size and laser fluence, we used two markers (namely, a screen and a copper wire put on the a- 
Si film, see Fig. 1) as detailed in 6. In fact, the distance between the shadows of the screen and of the wire unambiguously 
determines the position of the track where the measurements of grain-size/fluence are made. The final result is summarised 
in Fig. 2. Thanks to the two-markers, the experimental fluence uncertainty was reduced to less than 10%. From Fig. 2, we 
can identify three regions: 1) Low fluence region: the poly-Si grain size ranges between (100 - 200) nm. 2) Critical fluence: 
the poly-Si grain size increases with a steep slope of 0.5 Mm/(mJ/cm2) up to a maximum of 2 pm, then falls down. 3) Over 
critical fluence, where the silicon is totally melted and the poly-Si grain size is about 100 nm. Clearly, it is not convenient 
working in the region 2), the so-called Super Lateral Growth (SLG) region, because its highly non-linear behaviour may 
cause a large spread in the size of the poly-Si grains when the local laser energy density fluctuates more than 1%. 
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Fig. 1: Experimental set-up during the grain-size measurement. During the second step of the measurement, the silicon 
panel is replaced by the photo-tube on the motorised slide 
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Fig.2: Poly-Si grain size 
vs. laser energy density. 

2.3. Laser beam homogeniser 
In order to achieve TFT having uniform device characteristics, we need a uniform poly-Si grain size, that is a uniform laser 
energy-density distribution incident on the a-Si film. This is done by a beam homogeniser. The working principle of a line- 
step homogeniser is schematised in Fig. 3. A lens array D divides the incoming beam in a number of secondary beams, each 
one spread over the focal plane by a condenser lens C. In this way, all the secondary beams are perfectly overlapped on the 
focal plane, forgetful of their different energy content, and the spatial energy distribution is integrated. The beam 
homogeniser shown in Fig. 3 transformed the (10 x 5) cm2 near-field of Hercules into a (13 x 1) cm2 beam, with a 3% r.m.s. 
energy fluctuations and a sharper steepness, as shown in Fig. 4. 

D C 
Focal plane 

C^^'^-C' 

 -■ —- ^T——-» 

— """ 

Fig. 3:   One-dimensional scheme 
of the line-step homogeniser used 
in these experiments. 
D = array of divider lenses. 
C = condenser lens. 
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2.4. Annealing results 
We have re-crystallised many (10x10) cm2 a-Si films having different thickness, in vacuum, in air, in a controlled He 
atmosphere, with and without heating the glass panel substrate. This huge amount of work is detailed in 7. Here we have 
room only to point out a couple of relevant results: 1) a longer laser pulse duration allows a larger poly-Si grain size, in 
average. This is because the longer the trailing edge of the pulse, the slower the cooling rate of the melted Si, and the longer 
the time available to the growth of the grain. We found that the average grain size is roughly proportional to the square root 
of the FWHM laser pulsewidth. 2) The spatial overlap the laser pulses is beneficial to both poly-Si grain size and to the 
roughness of the poly-Si film at the grain boundary caused by the material transport during the melted period. In our case the 
best results were obtained by using an overlap percentage between 90% and 95%. 

3. IMPROVEMENTS (WORK IS IN PROGRESS...) 

3.1. Novel two-step process to obtain homogeneous, large grain poly-Si 
The SLG region is the more effective to have very large size poly-Si grains, but it is the less workable due to the narrow 
window of acceptable laser fluence (see Fig. 2). The non linearity of SLG can be explained as follows. There is a critical 
laser fluence that melts the whole a-Si films but some residual seeds at the interface film-substrate. Each seed can laterally 
grow expanding into the melted Si until it meets another seed growing in the opposite direction. Lower than critical fluence 
allows a higher density of residual seeds (smaller room to expand means smaller grains). Higher than critical fluence melts 
the whole film at all, and the crystallisation occurs during the film cooling, starting from seeds randomly distributed in the 
bulk of the film (too many seeds generate very small grains). How can we control the SLG artificially creating cold seeds? 
For example, by using a periodic mask put on the a-Si8. After a first laser irradiation, the mask modulates a grating made by 
adjoining strips of poly-Si (irradiated zone) and a-Si (shadowed zone). After removing the mask, a second irradiation with 
laser fluence adjusted to melt the a-Si strips and partially melt the poly-Si strips allows the growth of pencil-like grains 
aligned perpendicular to the poly-Si strips, as wide as half the period of the grating, see Fig. 5. 

3.2. Homogeniser with a variable focal length 
Films with different thickness require different laser fluence to optimise the crystallisation results. Also, we found it may be 
convenient irradiating the a-Si by more shots having different laser fluence values, like in the above case of a two-step 
process. Unfortunately, homogenisers are stiff systems: once fixed their geometry and lens power (and the input laser 
energy), the laser fluence on the focal plane can be hardly changed. We solved the problem designing and testing a line-step 
homogeniser with zoom 9, which can modulate almost continuously the spot size of the homogenised beam along one or both 
axes. Preliminary results achieved by a prototype gave a zoom factor of up to 1200% along each side of the rectangular 
beam, corresponding to an energy density variation on the focal plane of a factor 144. These results did affect neither the 
beam homogeneity nor the overall length of the homogeniser. Simulation results show that there are no limits in the 
maximum zoom factor achievable, and only practical reasons (e.g., a lower limit to the f-number of the lenses, the damage 
thresholds of lens coatings) may limit the maximum zoom factor. 

3.3. The new laser Hercules L 
Concerning our second task in the frame of FOTO (see introduction), ENEA and El.En. have designed, realised and tested a 
new XeCl laser system, named Hercules L, see Fig. 6. Like Hercules, Hercules L is excited by an X-ray triggered discharge 
delivered by a LC-inversion circuit, and electrodes are profiled according with the "mixed" solution proposed in 4. The 
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ionising X-rays are emitted by a double X-ray diode similar to that detailed in 
characteristics and performance of Hercules L. 

The table below summarises the main 

Active medium XeCl (X = 308 nm) Near-field beam size 10 cm x 7 cm 
Gas mixture pressure 5 bar (absolute) Pulsewidth FWHM (100-150) ns 
Gas flow Longitudinal Energy output > 10 J 
Ionisation 80 keV bremsstrahlung X-rays Repetition rate (0.01 - 10) Hz 
Discharge voltage 50 kV Average power (in burst) 100 W 

M*H>I null 

SECOND 
PASS 

Fig. 5: Scheme of the two-pass technique to achieve 
large and self-aligned poly-Si grains (see 8). 

Fig.   6:   Photo  of Hercules   L  during   the   average   power 
measurement. The overall size is (1 x w x h) = (2.5 x 1.5 x 2) 

4. CONCLUSIONS 

In the frame of the European Project FOTO1, we made some experiments to determine the optimum parameters for a-Si 
annealing by a long pulsewidth excimer laser. By using a 160-ns XeCl laser pulse and a scanning device we obtained a 
precise relation between grain-size and laser-energy-density which allows a correct choice of the working point (see Fig. 2). 
By using a line-step beam homogeneizer we reduced the laser spatial fluctuations down to 3% r.m.s. (see Fig. 4) and 
irradiated 10xl0-cm2 a-Si films (having different thickness) deposited on glass panels 7. When the fluence is less than the 
critical one the grain sizes are uniform but smaller than those achieved in the SLG region. When the fluence is close to the 
SLG region, fluence fluctuations larger than 1% create a large spread of the poly-Si grain size. 
To overcome the SLG problem, we are testing a new process (patent pending)8 to obtain large and homogeneous poly-Si 
grains (see Fig. 5). To allow the irradiation of a-Si films with different fluence by the same homogeniser, we designed and 
tested a new homogeniser with variable focal length (patent pending)9. 
Based on the experience gained operating the laser facility Hercules, we made a new XeCl laser system named "Hercules L" 
(10 J/p, 120 ns, 10 Hz). The final goal is the accomplishment of a line for the production of high-mobility TFTs suitable for 
flat panel displays. 
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laser waveguides by pulsed laser deposition method 

Yoshihisa Ishida, Sachiyo Fukaya, Tomoyuki Shimoda and Minoru Obara 
Department of Electronics and Electrical Engineering, Keio University, 

3-14-1 Hiyoshi, Kohoku-ku, Yokohama, 223-8522, Japan 

ABSTRACT 

In this paper, we report the fabrication of a neodymium-doped Gd3Ga5012 (Nd.GGG) film and neodymium, chromium- 

codoped Gd3Ga5012(Nd,Cr:GGG) film to realize a self Q-switched laser grown upon Y3A15012 (YAG) substrate by pulsed 

laser deposition (PLD) method. Consequently, epitaxial films have been grown. 

Keywords: Laser ablation, pulsed laser deposition, waveguide laser, co-doping, optical thin film 

1. INTRODUCTION 

The PLD method has attracted much attention for the growth of electronic thin films such as semiconductor and high- 

temperature superconducting films, because the PLD is a simple and affordable method to fabricate highly crystallized 

films. Recently, this method is applied to the fabrication of optical waveguides, because this method is suitable to deposit 

high quality epitaxial films in order to reduce optical propagation loss. 

In optical planar waveguide, which has a structure of the higher refractive index film on the low refractive index substrate, 

the laser beam is confined in the micrometer-order thick core layer. This structure is useful for waveguide lasers, because 

waveguide structure leads to highly efficient laser oscillation by the high optical power densities with a short laser length 

and the effective heat removal by heat sink adjacent to the core layer. The high efficiency and low threshold waveguide 

laser fabricated by PLD was indeed reported for Nd:GGG\ 

In this paper, we would like to report on the fabrication of Nd:Gd3Ga50i2 and self Q-switched Nd,Cr:Gd3Ga50i2 laser 

waveguides by pulsed laser deposition method. Since GGG crystal has a low misfit factor with YAG crystal and has higher 

refractive index than that of the YAG substrate, leading to the compatibility with coupling to highly divergent laser diode. 

2. FABRICATION OF Nd DOPED GGG AND Nd, Cr CO-DOPED GGG THIN FILM BY PLD 

The experimental setup for PLD method is shown in Fig. 2. For the fabrication of Nd:GGG thin films, Nd:GGG ([Nd] = 2 

at.%) sintered target is ablated by one KrF excimer laser pulse (LPX150 LAMBDA PHYSIK, 248 nm, 20 ns, laser ablation 
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fluence: 0.5-1.2 J/cm2, 20pps) in vacuum chamber containing oxygen gas (10 mTorr). Nd doped GGG are deposited on the 

YAG (111) single crystal substrate placed several centimeters apart. This substrate is heated at 350 °C to stimulate the 

migration. The GGG crystal has a garnet structure like YAG and has a low misfit factor of 2.9 %. As as-deposited films are 

found amorphous, epitaxial films are achieved by post-annealing at 1100 °C for 4hours. Fabricated films are epitaxially 

grown. These epitaxial thin films are successfully deposited up to a thickness of 8 (j.m. 

For Nd, Cr:GGG, The laser beam is divided into two beams by beam splitter to simultaneously ablate two targets, i.e. 

Nd:GGG and Cr,Ca:GGG ([Cr] = 1.6 at.%, [Ca]/[Cr] = 2) sintered targets in vacuum chamber. In the case of Nd,Cr:GGG 

thin films, another sintered target for Cr was also simultaneously ablated with divided beam from KrF excimer laser 

beam(see Fig. 1). The concentrations of Nd and Cr ions in Nd, Cr:GGG thin films are adjustable by changing laser ablation 

fiuences independently for Nd:GGG and Cr, Ca:GGG targets. As the laser ablation fluence onto Cr, Ca:GGG target were 

reduced, the concentration of Cr in Nd, CnGGG thin films were also reduced. This was confirmed by the shift of the X-ray 

diffraction (XRD) spectrum of the Nd, Cr co-doped GGG epitaxial thin films as shown in Fig. 2. 

3. OPTICAL PROPERTIES 

3.1 WAVEGUIDE STRUCTURE 

The refractive index of Nd:GGG and Nd, CnGGG epitaxial films on the YAG substrate was measured by bright m-line 

method with a 633 run laser and rutile prism. The incident angles of the prism for TE0 and TE, were measured, and then the 

reflective index was calculated. As a result, the refractive index of Nd:GGG and Nd, CnGGG was estimated to be 1.97 and 

2.00, respectively. The Nd, Cr:GGG films on the YAG substrate show a waveguide structure due to the refractive index of 

substrate(YAG 1.82). These waveguides have high numerical aperture(NA) of 0.75. Such a high-NA waveguide is 

compatible with coupling to highly divergent laser diode. 

3.2 FLUORESCENCE SPECTRUM 

The fluorescence spectrum of the Nd1* ions in the Nd:GGG thin film is shown in Fig. 3. The Nd:GGG thin film was pumped 

by laser diode at 808 run corresponding to the Nd1* absorption band. Fluorescence around 1.06 (j.m was observed, which 

corresponds to the "F^ -* %m transitions of Nd3* ions. Hence, Nd3* ions in the Nd:GGG thin films will serve as laser 

active ion at 1.06 |xm From these data, it is acticipated that the Nd3* ions doped in a 8 ixm thick Nd:GGG waveguide are 

active as laser active ions at 1.06 ixm. 

In order to estimate the laser performance of Nd:GGG waveguide, we theoretically analyzed small signal gain of waveguide. 

Thus, the optimum focal length for pump beam and waveguide length was determined by this calculation. Now, we try to 

test waveguide lasers. We cut a Nd:GGG waveguide to 1 x 4 mm2 and both ends of the shorter length were polished flat and 

parallel each other to be optically flat by diamond polisher and form a plane-parallel laser resonator by placing dielectric- 

coated mirrors with a high reflectivity at 1.06 |xm near the end faces of the waveguide. The output coupler had a 2 % 
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transmission at the expected laser wavelength (1.06 (im). The waveguide is end-pumped by a 1 W diode laser emitting at 

808 nm. 

3.3 OPTICAL PROPERTIES OF Nd, Cr CO-DOPED GGG THIN FILMS 

The Cr ions doped in garnet crystal are mainly Cr3, ions which do not act as a saturablc absorber. However, a fraction of Cr 

ions can be oxidized into Cr4' which acts as a saturable absorber by adding Ca2* ions as a charge compensator to the target 

under proper oxygen pressure. It is confirmed that Cr4+ ions are present in Nd, Cr:GGG thin films. Fluorescence of Cr4+ ions 

in Nd, CnGGG thin films was also observed around 1.4 |im when pumped by a LD at 940 nm as shown in Fig. 3. Tliis 

spectrum was similar to that of Cr, Ca:GGG thin films. 

In order to make clear that Cr4+ ions in Cr, Ca:GGG thin films act as a saturable absorber at 1.06 |im for Q switching, we 

measured the relationship between Nd3* laser (Nd:KGW 1067nm) fluence and optical transmission through thin film. 

Saturable absorption and the loss due to the excited sate absorption (ESA) were measured. These experimental results are 

fitted. As a result, fluence Fs = 0.023 J/cm2, oes = 2X 10"" cm2 were obtained, and these data are equivalent to the values of 

Fs = 0.032 J/cm2, and aK = (13 ± 5) X1019 cm2 of bulk crystal2. 

Therefore it is fully expected that Cr4+ ions in Nd. CnGGG thin films will act as a saturable absorber as well as that of Cr, 

Ca:GGG thin films. 

4. SUMMARY 

Epitaxial GGG thin films on the YAG substrate have been deposited by PLD method. It is confirmed by m-line method that 

the structure of these thin films on YAG substrate is a planar waveguide structure. The fluorescence spectrum and lifetime 

of Nd3+ ion in Nd doped GGG waveguide have been measured. And the concentrations of Nd and Cr ion in Nd,Cr co-doped 

GGG thin films were controlled by changing laser ablation fluences independently for Nd:GGG and Cr, Ca:GGG sintered 

targets. It is shown that Cr4+ ions are present, which are saturable absorbers for Q-switching. Actually, the bulk crystal laser 

of Cr ,Nd: YAG was successfully operated with LD pumping and showed a self-Q-switched output3. 
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Fig. 1 Schematic of experimental setup of two-target PLD 
method for fabrication of Nd,Cr co-doped GGG thin film. 

Fig. 2 X-ray diffraction patterns of Nd:GGG thin films grown on 
YAG(111) substrate and X-ray diffraction patterns of Nd, Cr:GGG 

thin films grown on YAG( 111) substrate when F^F^ is (a) 100:100, 
(b) 100:70. (c) 100:50. 
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Fig. 3 Fluorescence spectra of (^Nd3* ions ("F,, \m transition) in Nd:GGG thin film grown on 
YAG(111) substrate pumped at 808 nm and (2) Cr4+ ions CT2— 3A2 transition) (a) in Nd,Cr:GGG thin 
film   and (b) in Cr:GGG thin films grown on YAG( 111) substrate pumped at 940 nm. 
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Shadowgraphic and interferometric investigations on Nd:YAG 
laser-induced vapor/plasma plumes for different processing 
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D. Breitling* H. Schittenhelm, P. Berger, F. Dausinger, and H. Hügel 
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ABSTRACT 
Shadowgraphic and interferometric analysis of vapor/plasma plumes generated by pulses of a ns-Nd:YAG laser 
display a distinctive morphology for each of three different processing wavelengths (1064nm, 532nm, and 355nm). 
Analytical models of shock wave expansion can be applied to determine the total energy stored within the plumes. 
Electron density distribution measurements reveal the regions of absorption and, using a simple model of inverse 
bremsstrahlung and photoionization, allow us to estimate absorption coefficients. 

Keywords: Laser induced vapor/plasma plumes, shock waves, laser supported detonation (LSD) waves, plasma 
absorption, shadowgraphy, interferometry 

1. INTRODUCTION 
In micro-machining and micro-structuring ablation and drilling using short pulsed solid state lasers are becoming 
increasingly important technologies. Meanwhile power densities well above 1011 W/cm2 are achieved even by commer- 
cially available nanosecond solid state lasers, leading to laser-induced vapor/plasma plumes which interact strongly 
with the processing laser beam. There is growing interest in the fundamental interaction mechanisms between the 
laser-induced plumes and the radiation field during the various stages of ablation and while it is widely accepted 
that material vapor/plasma plumes impair the quality and efficiency of ablation processes, recent studies in deep 
hole drilling reveal that structure quality may even be improved by plasma formation } 

2. EXPERIMENTAL SETUP 
The experimental setup for the shadowgraphic and interferometric investigations is depicted in Fig. 2. The collimated 
beam of a pulsed diode-pumped Lambda Physik StarLine Nd:YAG laser operating at 1064 nm, 532 nm, or 355 nm 
wavelength was focused onto a Si3N4-target. The laser data are summarized in Tab. 1. The interaction zone, located 
in the object beam of a Mach-Zehnder interferometer, was illuminated by a nitrogen laser pumped dye laser pulse 
(LTB MSG 800/UDL 301, A = 633nm, AA = 0.05nm). A plane close to the interaction zone (shadow plane) was 
imaged onto a fast ICCD camera (PCO DICAM). By simply blocking the reference beam a common shadowgraphic 
setup was obtained. A bandpass filter (A = 633 nm, FWHM = 1 nm) was used to suppress plasma luminescence. 
Thus, the temporal resolution of the frames was determined only by the pulse duration of the dye laser pulse (FWHM 
= 500 ps). 

'Corresponding author: Fax: +49-711/685-6842, E-mail: breitling@ifsw.uni-stuttgart.de 
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Table  1.    Data for the Lambda Physik StarLine laser. 

Wavelength (nm) 1064 532 355 

Mach-Zehnder 
interferometer 

Max. pulse energy (mJ) 
Pulse duration FWHM (ns) 
Focal diameter (/mi) 
Max. energy density (J/cm2) 
Max. power density (1011 W/cm2) 

7.5 3.8 2.8 
12 12 12 
23 15 «11 
800 2150 2950 
1.5 1.8 2.5 

Figure 1. Setup for shadowgraphy and interferometry. 
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3. SHADOWGRAPHY ON LASER-INDUCED SHOCK WAVES 

Figure 2 shows the temporal evolution of the shock wave expansion for the three different processing wavelengths. 
The dark shadow to the left is caused by the Si3N4-target and the processing laser beam is incident perpendicularly 
from the right hand side. The shadowgraphs clearly show a strong dependence of the shock wave expansion on 
the wavelength. Whereas processing in the UV region leads to a shock front with primarily spherical symmetry, at 
532 nm processing wavelength a bulge becomes visible at the tip of the shock front which is accelerated in a direction 
towards the incident laser beam. Changing from 532 nm to IR processing, the bulging increases even further leading 
to a strongly directional expansion similar to an LSD-wave with a noticeably higher velocity in the direction towards 
the incident Nd:YAG-laser beam while the laser pulse is present. The distinct shapes associated with the shock 
waves for each of the processing wavelengths show clearly that the shock fronts are driven by energy being released 
in different regions of the vapor/plasma plumes, thereby indicating absorption of the incoming laser beam in different 
regions of the plumes. The formation of the spherical base of the plumes for 355 nm and 532 nm wavelength must 
be driven by strong absorption near the target surface. On the other hand, the LSD-wave like bulge at the very 
tip of the shock waves is caused by an additional absorption region right behind the shock front traveling forward 
with the shock front as the plume expands and accelerating it even further. This interpretation is further confirmed 
by Fig. 3 displaying a strong growth of the LSD-wave shaped bulging at 532 nm-generated plumes with increasing 
power density or increasing energy deposition in the second absorption zone, respectively. Eventually after the end 
of the laser pulse (> 20 ns) the shock wave expansion for 1064nm and 532 nm wavelength becomes more uniform in 
all directions (Fig. 2), similar to the case of 355 nm processing. With no further absorption taking place the energy 
deposited within the plumes leads to an increasingly isotropical expansion. 
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Figure 2. Shadowgraphs displaying the temporal 
evolution of shock wave expansion for three different 
processing wavelengths of a Nd:YAG-laser. Target 
material Si3N4; ambient gas: air, 0.1 MPa; 355 nm: 
l.lmJ/pulse, 1160 J/cm2; 532 nm: 2.0mJ/pulse, 
1130J/cm2; 1064nm: 5.0mJ/pulse, 1200J/cm2. 

Figure 3. Power density dependence of shock front 
expansion at 532 nm wavelength about 30 ns after pulse 
beginning. Nd:YAG-laser on Si3N4 target; ambient 
gas: air, 0.1 MPa; l.OmJ/pulse, 570J/cm2; 1.5mJ/pulse, 
850 J/cm2; 2.0mJ/pulse, 1130 J/cm2; 3.1mJ/pulse, 
1750 J/cm2. 

4. ANALYSIS OF SHOCK FRONT EXPANSION WITH ANALYTICAL MODELS 

In order to determine the amount of absorption in the laser-induced vapor/plasma plumes associated with different 
processing wavelengths the axial distances traveled by the shock fronts have been studied. Hemispherical propagation 
of laser-induced shock waves has been found to agree excellently with the Sedov-theory2 of gasdynamic blast wave 
expansion.3 

On the other hand, LSD-waves have been studied originally for one-dimensional plane waves.4     Based on a 
detailed model of two-dimensional LSD-wave propagation,5  which is more suitable for many applications involving 
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tightly focused laser beams, an axial shock front velocity c has been proposed6 as an extrapolation of numerical 
simulations7 which happened to amount to exactly half of the value obtained for the one-dimensional case. 

Experimental data on the axial shock front expansion for the three different processing wavelengths is displayed 
in Fig. 4. As the morphology of the corresponding shadowgraphs in Fig. 2 suggests already, the pure blast wave 
and LSD-models are not applicable to describe the entire propagation of the shock waves. Nonetheless, an attempt 
to determine the energy deposited within the laser-induced plumes has been undertaken using the 2D-LSD model 
during the first 15-20 ns of the expansion and Sedov-theory for longer delay times. Thus, including the temporal 
pulse shape, the shock front distance r becomes 

T"2D-LSD(0 /    C2D-LSD(i')di'=  2   /       2 l(l2 -1) 
1(f) 

df ,    t< to (1) 

-3 
with 7 and p denoting the adiabatic exponent and the density of the surrounding atmosphere (1.4 and 1.293 kg m 
for air) and I(t) being the (absorbed) power density of the laser irradiation.  The latter is given by the absorbed 
energy density H and the empirical laser pulse form function f(t): 

I(t)=Hf(t), f(t)dt = l,    f(t) 
t 

2.06938 ps 

2.5 

exp 
t 

3.2 ns 
-l (2) 

In order to ensure continuity for the traveled shock front distance for the expansion in the blast wave regime (>15 ns) 

the formula derived by Sedov2 has been adapted: 

rsedov{t) = A0 (tt-4) 7"2D-LSD(to) ,      t > t0 , (3) 

where E0 is the energy contained within the shock wave and for hemispherical expansion in ambient air the dimension- 

free constant becomes Ao = 1.1863. 
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Figure 4. Axial shock front expansion for three 
different processing wavelengths of a Nd:YAG- 
laser. Target material Si3N4; ambient gas: air, 
0.1 MPa. The experimental data has been ana- 
lyzed by modified models of 2-dimensional LSD- 
wave propagation (<15ns) and of gasdynamic 
blast wave expansion (>15ns). 

0 50 100        150        200        250        300 

delay since beginning of pulse in ns 

Table 2 displays the values for the energy contained in the blast wave according to the Sedov-theory and the 
absorbed power density determined by the LSD-model. Since the respective energy transfer for LSD-wave and blast 
wave formation takes place at different locations as the morphologies of the shock waves reveal, the fractions of 
energy transferred into the plumes according to the two models have been added to determine the total fraction of 
energy deposited in the plumes. As could be expected according to common plasma absorption mechanisms, the 
energy deposition increases with increasing wavelength. Furthermore, in good agreement with the morphological 
analysis of the shock waves, for the UV-wavelength the major portion of the absorbed pulse energy is transferred 
into a blast wave of spherical symmetry and only a minor part into LSD-wave formation and the opposite is revealed 
for IR-processing. For the intermediate green wavelength the blast wave still dominates but a considerable amount 
of energy is already transferred via LSD-wave absorption. 
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Table 2. Energy deposition in the laser-induced shock waves. 

Processing wavelength (nm) 1064 532 355 

Pulse energy Ep [mJ] 
Energy content of blast wave (Sedov) EQ [mJ] 

Energy density (laser focus) Hf [J/cm2] 
Modeled energy density (LSD) Hj [J/cm2] 

Fraction of energy contained 
- in blast wave EQ/EP [%] 
- in LSD-wave H/Hf {%} 
- in total plume [%] 

5.0 2.0 1.1 
0.5±0.3 1.1±0.4 0.6±0.2 

1200 1130 1160 
000±400 200 (+300/-100) 50 (+50/-20) 

10±6 55±20 55±18 
83±30 17±27 4±4 
93±31 72±34 59±19 

5. PLASMA DIAGNOSTICS BY INTERFEROMETRY 

The existence of distinct absorption regions in the vapor/plasma plumes has been confirmed by interferometric frames 
of the plumes that have been analyzed with respect to the refractive index and free electron density distributions.8 

Figure 5 displays electron density plots obtained shortly after the pulse maximum for the three processing wavelengths. 
The distributions clearly show that high electron densities are found where strong absorption was assumed according 
to the shock wave morphology. Figure 6 compares shadowgraphic frames for each of the processing wavelengths with 
schematics of the discontinuities found in the laser-induced shock waves. The outer discontinuity USi (according 
to the terminology3'9) can be identified as shock front separating the undisturbed atmosphere from a region of 
compressed atmospheric gas. This region is bounded by US2 denoting the ionization front with rapidly increasing 
free electron densities towards the inside of the plume. Furthermore the schematics indicate the identified regions of 
absorption for each of the processing wavelengths. 

355nm 532nm 1064nm 

%^       450 ~-300 w 900 
fc, -300   ^ ^ 

Figure 5. Wavelength dependence of the free electron density shortly after the pulse maximum (15 ns) for plasma 
plumes generated on a SisN4 target at three different processing wavelengths. Ambient gas: air, 0.1 MPa; 355 nm: 
l.lmJ/pulse, 1160J/cm2; 532nm: 2.0mJ/pulse, 1130 J/cm2; 1064nm: 5.0mJ/pulse, 1200 J/cm2. 

6. INTERACTION MECHANISMS 

Based on the experimentally obtained values for the electron densities, absorption coefficients have been estimated8 

using simplified models of inverse bremsstrahlung (IB) and photoionization (PI) of excited states.10 The results 
are displayed in Tab. 3 and the values indicate that both inverse bremsstrahlung and photoionization absorption 
increase dramatically with the wavelength. While IB exceeds PI at 1064 nm it decreases more significantly towards 
shorter wavelengths and PI can be assumed to be the dominant absorption mechanism at 532 nm. However, while the 
combined PI and IB absorption coefficients at 1064 nm and 532 nm account for more than 63% or 50%, respectively, 
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of the total absorption estimated from the energy contents of the plumes (which is a reasonable agreement considering 
the large margins of uncertainty associated with the data in Tab. 2), at 355 nm wavelength they are by far too low 
to explain the total absorption occuring in the UV-laser induced plume. Since extensive research on excimer-laser 
induced plasma plumes9 suggests that Mie-absorption at small particles can play a dominant role in the UV range 
we have strong reason to believe that it accounts for a significant amount of absorption in 355 nm processing as well. 

355nm 532nm 

US,: shock front 
US,: ionization front 

1064nm 

Figure 6. Discontinuities and absorption re- 
gions identified within laser-induced vapor/plasma 
plumes at each of the processing wavelengths. 

Table 3. Modeled absorption coefficients for the main ab- 
sorption regions at 15 ns after pulse beginning, and a compar- 
ison with total coefficients estimated from the energy content 
of the shock waves assuming an absorption layer of 200 fim. 
Qualification of main absorption mechanisms. 

Wavelength [nm] 355 532 532 1064 

Main near near tip of tip of 
abs. region target target wave of wave 

Electron density 
[1019cm-3] 2.0 3.5 2.2 4.5 

abs. coefficients: 
QIB [cm-1] 1.0 5.9 3.8 61.3 
api [cm-1] 2.4 14.0 8.8 23.0 

estimated total 
abs. coeff. [cm-1] 45 64 133 

Dominant abs. 
mechanism 

Mie-abs. PI 
Mie-abs. 

PI 
IB 

IB 

7. CONCLUSION 

The investigations on Nd:YAG-laser induced vapor/plasmas reveal distinct plume morphologies for different process- 
ing wavelengths which can be interpreted in terms of dominant absorption regions. Analytical models of LSD- and 
blast wave expansion have been successfully applied to describe the shock wave propagation which allowed to calcu- 
late the total fraction of the pulse energy stored within the plumes. Interferometrically measured electron density 
distributions confirm the identified regions of absorption and allow to estimate IB and PI absorption coefficients. 
While there is reasonable agreement with the data for total absorption at the longer wavelengths, at 355 nm further 
mechanisms of absorption (such as Mie-absorption at particles) need to be considered. 
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ABSTRACT 

The interaction of picosecond pulsed laser radiation with BK7 glass has been investigated. Focusing laser pulses with 
40 picosecond pulse duration in BK7 glass leads to plasma and crack formation by evaporation and induced stress. 
The plasma dynamics is measured by pump and probe techniques using the speckle method with a time resolution 
of 50 ps and a spatial resolution of 1 \im. Plasma transmission and refractive index changes are measured during 
and after irradiation on a picosecond time-scale. The plasma emission is investigated on the time scale of 10 ps - 500 
ns by high-speed photography and by time-resolved spectroscopy. The morphology of the cracks is evaluated using 
Nomarski microscopy. 

Keywords: microstructuring, glass, cracking, spectroscopy, ultrafast phenomena 

1. INTRODUCTION 

The interaction of laser radiation with dielectric materials has been investigated since the beginning of the laser era. 
Puzzling effects of optical breakdown, avalanche ionization, multiphoton ionization or laser-induced colour center 
formation claim research until now. Many reports about breakdown threshold measurements of different dielectric 
materials, especially glasses, have been performed in the last years.1 Heat conduction in material depends on pulse 
duration of laser radiation. For pulse durations r > 10 ps the heat conduction is proportional to T1

/
2
. The deviation 

of the thermally driven r1/2-rule for pulse durations T < 10 ps was found for dielectrics.2 In order to understand 
the reaction of the material during and after irradiation with laser radiation pump and probe experiments have been 
performed.3 By time resolved interferometry the time resolved phase shift and the absorption coefficient of MgO, 
SiC>2 and diamond have been measured using as pump pulse with r = 120 fs pulse duration.4 These investigations 
were done in the time range from 100 fs to 6 ps. A positive phase shift results from an increase of the refractive 
index by the Kerr effect and a negative phase shift by the plasma formation. Time-resolved laser-induced plasma 
emission spectroscopy has been used largely.5 A dependence of the emission spectra on the pulse number by colour 
center formation using time resolved optical spectroscopy of excimer laser induced plasmas in bulk has been shown.6 

This behaviour can be seen also when glasses are irradiated by high energy particles.7 

Pump and probe experiments are performed in BK7 glass measuring plasma transmission and refractive index 
change during and after irradiation with laser radiation on a picosecond time-scale. The spatial-temporal evolution 
of the plasma is measured in order to show e.g. the formation of a plasma within the focal region. By high-speed 
photography the temporal and spatial evolution of the plasma intensity has been investigated and by time resolved 
spectroscopy of the plasma the decay time and spectral distribution of the emission has been measured. Plasma- 
induced cracks formed in BK7 glass are evaluated using Nomarski microscopy. 
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Figure 1. Autocorrelation (intensity versus time) for a) misaligned and b) aligned laser (A = 1064 mm, 
P = 200mW, fp = 500 #z, tp = 40 ps). 

2.  EXPERIMENTAL SETUP 

2.1. Laser 

For all investigations a diode pumped, active mode locked and regenerative amplified Nd:YAG laser has been used 
as described elsewhere.8 This laser system working as MOPA (Master-Oscillator Power Amplifier) has a repetition 
rate fp = 500 Hz and a pulse duration tp = 40 ps at A = 1064 nm wavelength. Working with MOPA the laser system 
needs a precise control of the resonator length of seeder and amplifier. Differences in the resonator length of the 
laser can cause additional pre/post pulses. Machining with pre/post pulses can change the conditions of the material 
before the main pulse reaches the interaction region. The post pulses may interact with the material by absorption 
in the plasma formed from the interaction of main pulse with the material. Additionally a misaligned A/4-voltage 
of the Pockels cell (PC) can cause pre/post pulses. By this misfit of the laser system pre/post pulses have a time 
delay of 167.8 ps to the main pulse. Using an autocorrelator with long measurement range this pre/post pulses can 
be measured (figure 1). This pulses have intensities up to 35 % of the main pulse possibly influencing the material 
properties. For example colour center, pre-ionization, shallow-trap or free electrons can be formed.9 Well aligned 
Pockels cell and MOPA give a contrast ratio of pre/post pulses of 1:100 (figure 1). By aligning the MOPA and making 
the rising time of the Pockels cell as fast as possible changes the shutting time of the Pockels cell also. This gives rise 
to leaking pre/post pulses with a distance from the main pulse equal to the seeder repetition rate (fp = 120 MHz). 
This pre/post pulses have a contrast ratio up to 1:25 to the main pulse and can influence irradiated material too. 
By an additional Pockels cell the intensities of the pre/post pulses can be reduced increasing the contrast ratio up 
to 1:100. The intensities of the pre/post pulses are for the investigations well below the plasma formation threshold 
intensity giving the possibility to investigate the interaction of the main pulse only with material. 

2.2. Conversion efficiency of KTP 

For pump and probe experiments the second harmonic (SH) of the laser beam (GH) is needed. The SH is generated 
by a KTP crystal (3mm x3mm x5mm) using the ground harmonic of the laser beam (beam diameter d= 1 mm, 
beam divergence 0 = 0.84 mrad, beam quality M2 =1.6). The pulse duration of GH and SH were measured with 
an autocorrelator. The dependence on the pulse duration of GH and SH is shown in figure 2. Because of saturation 
effects of the KTP crystal the pulse duration of SH increases with the pulse energy Ep of GH linearly.10 The 
conversion efficiency Pp32/Pp

064 is independent of the peak power of GH (figure 3). 

2.3. Measurement tools 

For pump and probe experiments the pulse duration of SH was set to tp = 40 ps as for GH. The setup for pump and 
probe experiments uses a pump beam (A = 532 nm) orthogonal oriented to the probe beam (A = 1064 nm). The 
delay time between pump and probe pulse can be varied in the range 0-7 ns. Within the bulk material the pump 
beam is focused 200 fxm below the surface, whereas the probe beam was prepared by focusing it into a quartz glass 
fiber (diameter 600 pm, length 5 cm). The exit of the fiber was etched in order to get a rough surface. Doing so, 
the probe laser beam intensity at the exit is homogeneous distributed and has speckles with diameter about 1 fim. 
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Figure 3.    Peak power P^32 as function of peak 
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1064(A = 1064 mm, fp = 500 #z). 

The probe beam is then focused tightly within the bulk material to 400 \im diameter and monitored with a CCD 
camera (738x416 pixel). To separate pump and probe beam an interference filter with 1 nm FWHM was used. The 
probe pulse energy was < 0.1 \iJ getting intensities < 2 GW/cm2. By knife edge method a pump beam diameter 
of 7 (j,m was measured.11 A picture was taken by getting first one reference picture of the probe pulse without the 
pump pulse. A second picture, the measurement picture, was then taken with one pump pulse. One gets a final 
picture by dividing each pixel of the reference picture with the measured ones. In order to reduce noise two pictures 
were taken and averaged (figure 4). The transmission T = Y^iaTfIYjiaTeas can be calculated by the fraction of 
the summarized pixel intensities a™* of the reference picture with the summarized pixel intensities a™eas of the 
measurement picture. 

The change in refractive index can be measured with speckles similar to interferometry pump and probe experi- 
ments. This can be achieved by calculating the displacement D = £]» a**/a™eas of the speckles. 

The spatial time-dependent evolution of the plasma intensity has been measured by high-speed photography in 
the streak mode operation (Imacon 500, Hadland Photonics). The used streak time was about 100 ns (time resolution 
10 ps, spatial resolution 10 /zm). 

Time resolved spectroscopy was achieved by focusing the laser beam (A = 1064 nm) within the bulk material. A 
spectrometer (S500I, Chromex ) with a 300 lines/mm graiting was used in the range from 200-650 nm with 1 nm 
resolution. The plasma intensity was detected by a ICC (4PICOS, Soliton) with a shutter time of 1 ns. Using a 
tungsten band lamp the spectrometer has been calibrated. 

The morphology of the interaction region has been investigated by Nomarski-Differential-Interference-Contrast 
microscopy (Zeiss Axiophot). By this method changes of the refractive index in the interaction range by laser 
radiation can be made visible giving a 3 dimensional impression. 

3. RESULTS AND DISCUSSION 

3.1. Pump and Probe Experiments 

The plasma is formed along the beam waist getting denser until 100 ps (figure 5). The corresponding falling time of 
transmission is about 50 ps in agreement with the electron-phonon relaxation time re_p = 0.6 fs.3 After 2.5 ns the 
transmission T begins to increase slowly (figure 5). 

The displacement D increases by the Kerr-effect as fast as the pump laser pulse (figure 5). The displacement 
drops down after 100 ps by plasma formation passing a minimum. After 1 ns the density of the plasma drops down 
and the displacement increases again getting positive and subsequently going down after passing a maximum. This 
change is due to a change of the refractive index caused by stress and densification within the interaction region. 
The displacement drops down again after 2 ns by relaxation of the glass via crack formation. Because of the formed 
cracks the displacement does not reach unity again. 
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Figure 5.   Transmission T and displacement D as 
function of time (A = 532nm, / = 11,6 TW /cm2). 

3.2. High-speed photography 

The spatially integrated intensity increases within 50 ps to a maximum decreasing then with a exponential behaviour 
(figure 6). The threshold intensity of plasma formation (figure 7) can be calculated by spatial and temporal integration 
of the plasma intensities. A linear dependence of the plasma intensity to the pulse intensity is found in agreement with 
investigations for metals and semiconductors.12 The threshold intensity can be found to be (66,7 ± 0, l)GW/cm2. 
The plasma intensity decays exponentially. The decay time r^ has a logarithmic behaviour with the pulse intensity 
(figure 8). 

When the pulse intensities at the surfaces are above threshold for plasma formation a plasma can be detected at 
the bottom and the rear side of the material (thickness 1 mm) additionally to the plasma within the bulk material 
(figure 9). 

3.3. Time resolved spectroscopy 

Without delay time the plasma emission of BK7 glass shows for different pulse intensities a spectral continuum with 
peaks at 310 nm, 360 nm, 400 nm and at 600 nm (figure 10). With increasing delay time the intensity of the peaks 
decreases without changing their position. The peaks at 360 nm, 400 nm and 600 nm decrease faster in intensity 
than the peak at 310 nm. After a delay time t = 222 ns only the peak at 310 nm is detectable (inlet of figure 10). 

80000 

timet [ns] 

Figure 6. Spatially integrated plasma intensity as 
function of time and pulse intensity (A — 1064 nm, 
tp = 40 ps). 
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Figure 7. Spatially and temporally integrated 
plasma intensity as function of pulse intensity (A = 
1064nm, tp = 40 ps). 
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3.4. Crack Morphology 

The formed cracks and bubbles show a thickening towards the incident laser beam. The plasma formed initially 
absorbs the major part of the laser pulse energy (figure 11 a). Measurements by Nomarski microscopy show an 
abrupt change in refractive index seen as cauliflower structures with 200 \im extension. Cracks and bubbles along 
the beam waist are visible, too. With decreasing intensity the size of the cracks becomes smaller (figure 11 b). 
Reducing the pulse intensity two separated cracks are formed. The crack averted to the incident laser beam is caused 
by self focusing (figure 11 c). 

4. CONCLUSION 

The temporal and spatial evolution of the plasma expansion during irradiation of BK7 glass with picosecond pulsed 
laser radiation have been investigated by speckle pump and probe experiments, high speed photography and time- 
resolved spectroscopy. The crack morphology has been photographed using Nomarski microscopy. 

The plasma intensity, detected by high-speed photography in the streak mode operation, has a linear dependence 
on the pulse intensity. The threshold intensity for plasma formation has been measured to (66,7 ± 0, l)MW/cm?. 
The plasma decay time increases with pulse intensity. With pump and probe experiments the plasma transmission 
was found to drop down within 50 ps by absorption in the bulk plasma and to increase slowly in the ns time scale. 
The measured change in refractive index shows an initial increase by the Kerr-effect caused from the incident laser 
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Figure 10. Spectral intensity for different delay times after irradiation a) I = 5,7 TW/cm2 and b) I = 
1,0 TW/cm2(X = 1064nm, tp = 40 ps). 
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Figure 11. Cracks within BK7 glass at different pulse intensities a) I = 5,7 TW/cm2, b) I 
= 1,9 TW/cm2 and c) I = 1,0 TW/cm2(\ = 1064nm, I = 5,7 TW/cm2, tp = 40 ps). 

radiation followed by plasma formation with a decrease in the refractive index. The plasma-induced stresses cause 
cracking changing the refractive index to positive values. Within the interaction region a large spectral continuum 
peaking around 400 nm has been detected by time resolved spectroscopy. No emission lines of Si or O are observed. 
With increasing delay time the spectral intensity of the plasma drops down but the peak locations sustain at 400 
nm. Emission via recombination and Bremsstrahlung are the underlying processes. For intensities above 2 TW/cm2 

additional cracks are formed by self-focusing of the laser pulse. Working with small pulse intensities yields symmetric 
cracks with 20 ßm extension. 

ACKNOWLEDGMENTS 

The authors are grateful to Dipl.-Phys. P. Russbiildt for stimulating discussions and technical assistance. 

REFERENCES 
1. R. Alfano and S. Shapiro, "Observation of self-phase modulation and small-scale filaments in crystals and 

glasses," Phys. Rev. Lett. 24, pp. 592-594, 1970. 
2. B. Stuart, M. Feit, S. Herman, M. Rubenchik, B. Shore, and M. Perry, "Nanosecond-to-femtosecond laser- 

induced breakdown in dielectrics," Phys. Rev. B 53, pp. 1749-1761, 1996. 
3. P. Martin, S. Guizard, P. Daguzan, G. Petite, P. D' Oliveira, P. Meynadier, and M. Perdrix, "Subpicosecond 

study of carrier trapping dynamics in wide-band-gap crystals," Phys. Rev. B 55, pp. 5799-5810,1997. 
4. F. Quere, S. Guizard, M. Ph., G. Petite, O. Gobert, P. Meynadier, and M. Perdrix, "Subpicosecond studies of 

carrier dynamics in laser induced breakdown," Proc. SPIE 3578, pp. 10-19, 1998. 
5. K. Yoshida, N. Umemura, N. Kuzuu, H. Yoshida, T. Kamimura, and T. Sasaki, "Wavelength-dependence of 

laser-induced damage in fused silica and fused quartz," Proc. SPIE 3244, pp. 164-175, 1998. 
6. X. Mao, A. Fernandez, and R. Russo, "Behavior of laser induced emission intensity versus laser power density 

during breakdown of optical materials," SPIE 2428, pp. 271-280, 1995. 
7. E. Friebele and P. Higby, "Radiation effects in amorphous SiC>2 for windows an mirror substrates," Damage in 

Laser Materials 756, pp. 122-132, 1997. 
8. J. Jandeleit, P. Rußbüldt, G. Urbasch, D. Hoffmann, H.-G. Treusch, and E. Kreutz, "Investigation of laser- 

induced ablation processes and production of microstructures by picosecond laser pulses," LI A 81E, pp. 83-91, 
1996. 

9. O. Efimov, K. Gabel, S. Garnov, L. Glebov, S. Grantham, M. Richardson, and M. Soileau, "Color centers 
generation in silicate glasses exposed to ir femtosecond pulses," JOSA B 15, pp. 193-199, 1998. 

10. J. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena, Academic Press, San Diego, 1996. 
11. Y. Suzaki and A. Tachibana, "Measurement of the ^m sized radius of Gaussian laser beam using the scanning 

knife-edge," Appl. Opt. 14, pp. 2809-2810, 1975. 
12. F. Billmann, "Zeitaufgelöste Plasmauntersuchungen beim Festkörperabtrag mit Pikosekunden Laserpulsen," 

Master's thesis, RWTH-Aachen, 1996. 

544 Proc. SPIE Vol. 4184 



Invited Paper 

Fundamental aspects in the laser restoration of painted artworks 

D. Anglos, A. Athanassiou, L. Antonnucci, E. Andreou, 
A. Bonarou, S. Georgiou, V. Tornari, V. Zafiropulos, C. Fotakis 

Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, 

P.O. Box 1527,71110 Heraklion, Crete, Greece 

ABSTRACT 

Chemical and mechanical modifications are expected to be the two major types of side effects in the UV laser ablation- 
based processing of strongly absorbing molecular substrates. For the systematic characterization of these effects, studies 
on model polymeric systems are presented. As far as photochemical effects are concerned, UV ablation is shown to 
promote chemical pathways over the ones observed in the sub-ablative regime. However, the extent of these effects can 
be limited by an optimal etching depth vs. effective optical penetration depth in substrates of high absorptivity. 
Concerning mechanical effects, UV ablation is similarly shown to result in structural defects that are not observed in the 
irradiation at low energy fluence values. In practice, these may be limited by the inhomogeneous and stratified structure 
of the substrates encountered in real-life applications. The applicability of the results to the implementations of UV laser 
ablation is exemplified using the procedures that have been defined in laser restoration of painted artworks as a study 
case. Besides their implications for laser material processing implementations, the present results indicate that UV 
ablation introduces new physical and chemical paradigms that are of scientific importance in their own right. 

Keywords: UV ablation, molecular substrates, polymers, photochemistry, shock waves, restoration of artworks 

1. INTRODUCTION 

Ultraviolet ablation constitutes the basis of a number of diverse techniques aiming at the analysis and material 
processing of molecular substrates. These range from matrix-assisted laser desorption of biopolymers,1 to the patterning 
of polymers2 and removal of microparticles in microelectronic industry,3 to photorefractive keratectomy in medicine. 
By now, the potential of excimer laser ablation for the restoration of painted artworks has also been amply 
demonstrated.5"6 

In all these applications, UV ablation offers the advantage of limited thermal "load" to the substrate. On the other 
hand, chemical and mechanical modifications would be expected to be significant. First, high intensity UV laser pulses 
are employed to irradiate molecular substrates (f.e. painted artworks) that include a wide variety of chromophores. Upon 
photoexcitation, several of the included chromophores dissociate into highly reactive fragments, which can subsequently 
react with nearby units and/or form oxidation products. Thus, photochemical modifications in the substrates would be 
expected to be extensive with detrimental effects on their integrity. Second, UV ablation has been shown7 to result in the 
development of high amplitude stress waves within the irradiated materials. As the processed substrates tend to be 
mechanically rather fragile, they would be expected to suffer various mechanical deformations under the influence of 
these stress waves. 

In practice, in each implementation, appropriate conditions can be found for the minimization of these side-effects. 
However, the previous discussion clearly illustrates that optimisation of the treatment parameters is critical for the 
success of the UV ablation-based processing schemes. The previous discussion also indicates that key elements of the 
phenomenon are still not fully understood. Elucidation of these factors is important in guiding the systematic 
optimisation of the present applications and the development of novel new ones. In an attempt to characterize these 
effects in a systematic way, studies on model polymeric systems appropriate for each type of effect are presented. 
Furthermore, for the photomechanical effects, a new approach of their characterization on the basis of holographic 
interferometric techniques is employed8"9. We show that for both types of effects, UV ablation results in modifications 
that deviate much from the ones observed at low fluences. However, for both types of effects, parameters can be defined 
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for their minimization. The importance of these findings for the implementations of UV ablation is illustrated using the 
procedures adapted in the laser restoration of painted artworks as a study case. 

2.        PHOTOCHEMICAL EFFECTS 

2.1 Methodology 

Our approach for modelling the photochemical effects of UV ablation relies on the use of simple, prototype 
photodissociable chromophores embedded within polymeric films. Various organic chromophores have been employed, 
with the work focussed on the halo-derivatives (bromo- and iodo-derivatives) of the aromatics naphthalene and 
phenanhthrene. Given the chemical simplicity and the well-known solution photochemistry of the dopants, their 
modifications can be monitored and elucidated in much greater detail than those that the polymer chromophores 
undergo. 

Upon excitation, these derivatives undergo homolytic dissociation to aryl (naphthyl-Nap, and phenanhthrenyl- 
Phen-) and halogen radicals with near unity quantum yield in solution10. Thus, they constitute highly sensitive probes of 
the photochemical modifications induced by the laser irradiation. Furthermore, the aryl radicals that are formed by the 
photolysis of precursors form naphthalene-like (NapH) or phenanhthrene-like (PhenH) photoproducts, which are 
generally highly fluorescing. Thus, the chosen dopants offer the additional experimental advantage that their 
photoproducts can be conveniently probed via laser-induced fluorescence (LIF). 

2.2 Experimental 

The employed experimental procedures have been described in detail elsewhere l112. Briefly, films (50-100 urn 
thick) of highly purified PMMA (Mw -120000) and polystyrene (PS) doped with the small chromophore are cast on 
quartz substrates. The films are irradiated (in air) with the perpendicularly focussed (=6-10 mm2) UV beam of an 
excimer laser at 193, 248 and 308 nm. Photoproduct fluorescence is induced by using the same beam configuration, but 
with the laser fluence attenuated to FLASER < 5 mJ/cm2. A relatively long delay (> lmin) between the pump and probe 
pulses is employed for ensuring nearly quantitative reaction of the photoproduced radicals and formation of stable 
photoproducts The induced emission is collected by an optical fiber and spectrally analyzed in a 0.2 m grating 
spectrograph, interfaced to an optical multichannel analyser (OMA III system, EG&G PARC Model 1406) 

2.3 Results and Discussion 

The spectrally resolved probe spectra recorded after irradiation of the NapX (X=Br, I)-doped PMMA (1.2% 
wt) with a single pump laser pulse at 248 nm is shown in Fig. 1. At low laser fluences, the spectra, at least for low 
dopant concentrations (<2 % wt), are seen to be dominated by the NapH-type 'B3u -» 'Aig emission at 320-340 nm (Fig. 
1(A))13. Since the precursors NapX are characterized by negligible fluorescence10, the observation of this emission band 
demonstrates the exclusive formation of NapH-like photoproducts at these fluences. In sharp contrast, the spectra 
recorded after irradiation of NapX/PMMA samples (of > l%wt concentration) above the threshold are (Fig. 1(B)) much 
broader and exhibit distinct peaks at =440 nm and =470 nm. Such broadening is not observed in the irradiation of 
NapH-doped films. Consequently, these features represent products that are characteristic of the NapX (X=I, Br) 
reactivity. On the basis of solution examination, these can be ascribed to Nap2, emitting in the 320-400 nm range, and 
Nap2X products, where X is some polymer fragment/chain. As discussed in detail elsewhere, the formation of Nap2-type 
products demonstrates that radical mobility is highly enhanced in UV ablation with nanosecond pulses. Preliminary 
spectral examination indicates that Nap2-type product formation is observed at all examined wavelengths (193 nm, 248 
nm and 308 nm), although its relative intensity versus the NapH-photoproduct emission appears to differ. 

For the purposes of our present study, much more important are the implications of the quantitative 
characterization of the photoinduced effects. To this end, Fig. 2 depicts the fluence dependence of the NapH-like 
photoproduct fluorescence following a single pump pulse on virgin polymer. This intensity reflects essentially the 
amount of the fluorescing naphthyl species that remains in the substrate after irradiation. Interestingly, aside for 
quantitative differences, two general types of dependences are observed. At 248 nm and 308 nm, the linear increase of 
the photoproduct yield at low laser fluences is followed by a sharp rise above the threshold (Fig. 2 (A)). In contrast, in 
the irradiation at 193 nm, the yield is found to reach a limiting value near the threshold (Fig. 2(B)). 
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Fig. 1 Spectrally-resolved probe fluorescence spectra recorded following irradiation ofNapX/PMMA 

Since the spectral examination does not indicate any major qualitative differences between the three 
wavelengths, the difference in the FLASER-dependence must relate mainly to the much higher absorptivity of PMMA at 

193 nm (=2000 cm'1) vs. that at the other two wavelengths (<300 cm"1)14. To demonstrate this, similar experiments with 
polystyrene doped with iodo-phenanthrene (so that dopant emission is not swamped by the strong polymer emission) 
were undertaken. In this case, curve (B) is observed for the PhenH-type photoproduct in the irradiation at 193 nm and 
248 nm, whereas the dependence at 308 nm is described by curve (A). The absorption coefficient of PS decreases much 
from 193 nm to 308 nm.15 Thus, for both polymers, there appear to be a close correlation between the absorption 
coefficient and the FLASER-dependence of the photoproduct yield. This dependence can be understood by the fact that the 
absorption coefficient determines the relative ratio of etching depth vs. optical penetration depth and thus the depth over 
which any photoproducts formed with increasing laser fluence remain in the substrate. 

There are two major and significant mechanistic implications of the previous results. First, the observation of 
Nap2-type product formation demonstrates that new photochemical pathways are promoted in the ablative regime. This 
aspect is discussed in greater detail elsewhere. Second, as far as photochemical modifications are concerned, no 
qualitative difference between the various UV wavelengths is observed, with the changes being limited to quantitative 
ones. The main determinant for these quantitative differences is indicated to be the value of the absorption coefficient at 

the irradiation wavelength. 
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Fig. 2      FusER-dependence of the fluorescence intensity of the NapH-like photoproduct that remains in the substrate following 
irradiation ofNapUPMMA (0.4% wt) at: (A) 248 nm and (B) 193 nm. 
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Concerning the various implementations of UV ablation, the previous conclusion indicates that a key factor for 
their success relates to the high absorptivity of the processed molecular substrates. This is for example the case in the 
laser-restoration of painted artworks. In this application, irradiation with excimer laser pulses is employed to effect 
removal of the outer degraded layers of varnish.. Varnish is a mixture of strongly UV-absorbing organic substances and 
is applied on the top of the paintings for aesthetic and protective purposes. However, with time it undergoes 
photooxidation at its outer layers, with detrimental effects in the appearance and even for the integrity of the painting. 
The high absorptivity (e = 10s cm"1) of varnish ensures, on one hand, that excimer laser irradiation effects efficient 
etching and material removal, and on the other, that photochemical effects are localized within d < 1-5 u.m, at most, 
from the surface. To this end, a thin layer (5 -10 u.m) of varnish is left on the painting, thereby ensuring negligible 
effects on the pigments in the underlying painting medium. 

For modelling this procedure, experiments have been performed on polymer bilayer systems in which the 
NapI/PMMA film is covered by a PMMA film of varying thickness. The existence of the overlayer is indeed found to 
result in a significant reduction of the photoproduct formation in the underlying layer. Interestingly, the reduction (i.e., 
the extent of the "photochemical protection") is higher than that expected on the basis of the (linear) absorption 
coefficient of PMMA. At present, it has not been possible to establish the exact factor responsible for this effect. One 
possibility includes the operation of multiphoton processes that decrease substantially the transmitted light from that 
expected on the basis of linear absorption coefficient. Independently of the exact factors, the results illustrate the 
subtlety of the factors that may be operative in the UV ablation and which may be critical for the optimisation of the 
various implementations of the phenomenon. 

3. PHOTOMECHANICAL EFFECTS 

3.1 Experimental 

For the characterization of the mechanical effects of UV laser ablation, the experimental set-up was designed to 
enable the parallel irradiation of the polymer substrates and the recording of the holographic interferograms. The set-up 
includes an excimer laser (Lambda Physik model LPX210) emitting at 248 or at 193 nm for the irradiation of polymer 
samples and a TEM00 laser for the recording of holograms. The holographic setup is aligned in an off-axis two-beam 
geometry for phase media'6. Two consequent exposures of the polymers were made on the same hologram plate before 
and after irradiation of the sample with a certain number of excimer laser pulses. Refractive index and/or transmittance 
changes between successive exposures of the polymer result in phase and/or intensity changes generating optical path 
differences recorded in the interferogram. 

3.2 Results 

A double exposure holographic interferogram recorded in the UV laser ablation of polymer films (PMMA and 
PS of 50-100 urn thickness) cast on a suprasil window is illustrated in Figure 3. The photograph is the interferogram 
between the reference hologram of the polymer target before irradiation and the hologram recorded after irradiation with 
15 excimer laser pulse. The figure clearly shows that defects are developed at various distances from the irradiated spot. 
Most interestingly, formation of structural defects is observed far from the ablation spot, even close to the edges of the 
substrate (d=50 mm). In sharp contrast, no such changes are detected in the irradiation of samples with the same number 
of pulses at fluences below the threshold. Thus, the development of these modifications relates directly to the UV 
ablation process. It appears that the stress waves generated by the process can propagate all over the sample with an 
energy high enough to create defects. 

With continuing irradiation, the deformations are observed to grow and additional ones are formed. A 
quantitative assessment of the evolution of the defects with number of successive laser pulses is illustrated in figure 4. 
Initially, a gradual increase in the deformed area is observed, indicating an accumulative effect of the stresses developed 
in each laser pulse. However, in many cases, after extensive irradiation (100-150 pulses) a sudden increase is observed. 
This observation may indicate that repeated laser irradiation results in extreme mechanical "fatigue" of the substrate, 
with an irreversible change in its response to any subsequent strains. 

Concerning the morphology of the deformations, two main types can be distinguished, namely dendrites and 
"dot"-like (i.e. circular structures of small diameter) structures. These are discrete features that must correspond to 
different structural deformations. Tentatively, the dendrite structure is ascribed to local fracture/slippage, while the isles 
are more indicative of local delaminations. Preliminary examination by scanning electron microscopy supports this 
assignment. 
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The morphology and extent of the induced defects has been found to depend sensitively on a number of 
parameters such as on the nature of the polymer, its molecular weight, etc. However, even for a given polymer, the 
morphology and the extent of the defects depend sensitively on the mode of preparation of the film and in particular on 
the degree of annealing. Generally, for polymer films irradiated shortly after preparation, the deformations were 
observed to be mainly of the "isle" type, whereas dendrites is the predominant form of defect in the irradiation of well- 
annealed films. It is reasonable to suggest that the degree of film annealing affects its adhesion strength to the quartz 
substrate and as a result, the lowest-energy deformations that can be induced. Thus, even for these simple polymeric 
systems, the induced mechanical deformations depend sensitively on a number of parameters. This indicates the 
importance of careful optimisation of irradiation parameters in the implementations of UV laser processing of molecular 

substrates. 
For stratified media, propagation of stress waves between the different layers depends on the relative acoustic 

impedances of the two media. Furthermore, in real-life substrates, attenuation of the propagating stress waves will also 
depend on the structural inhomogeneities that are present in each medium. The presence of such pre-existing defects can 
severely limit the propagation of the induced waves to the sublayers, thereby limiting the extent of inadvertent effects to 
the substrates. Indeed, in experiments on bilayer polymer films, we have observed defect formation in the lower layer to 
depend on the degree of adhesion between the two layers. Extending these observations to the laser-based restoration of 
artworks, the presence of several layers of widely different acoustical impedances and properties may be eventually 
crucial for the success of the technique. 

Layer PMMA(Mw=1,900) 
Forward Irradiation 

Fluence= 1.4 J/cm 
248 nm 

100 

Number of pulses 

Fig.3. D.E holographic interferogram of a 
polymer sample after 15 pulses, arrows shown 
defect formation in respect to the ablation spot 

Fig.4. Deformation area (dot-morphology) in the 
irradiation ofPMMA (Mw=1.900) film on quartz 248 nm. 

4. CONTROLLED LASER CLEANING OF ARTWORKS 

In a laser cleaning workstation, a holographic interferometric system is adapted for evaluating the structural 
sate of the artwork. The layers removed during a cleaning application may be aged varnish in the case of paintings, dark 
encrustation on sculptures or even environmental attack on calcite reliefs17. The study of interferograms before laser 
treatment reveals, amongst other things, the irregular detachments of these surface layers from the underlying layers that 
have to be conserved. After each laser cleaning trial, the post-evaluation by holographic interferometry guides the laser 
cleaning operation18 by monitoring the remaining detachments and verifying the proper removal of the unwanted layers. 

Laser induced breakdown spectroscopy is used to control the extent of laser ablation19. To provide on-line 
control during the laser cleaning process, LIBS spectral data is continuously recorded within a pre-selected spectral 
range. This pre-selection is based on the results of a preliminary study, prerequisite at the beginning of each project. The 
data acquisition processor is programmed to calculate certain peak intensity ratios, which are subsequently used to 
compute the value of an algorithm designed for each specific case. When this value is not found within certain 
boundaries, the laser stops firing and the motorized X-Y stage moves the artwork to a new position with respect to the 
laser beam. The cleaning process is again initiated. At this new position, laser pulses are delivered until the same 
threshold condition is attained and the process continues similarly thereafter. The distance that the sample is moved in 
every step is determined by an overlapping protocol for the sequential sample movement in both X and Y directions. 
This parameter is introduced in the computer program and is directly dependent on the laser parameters and the 
experimental arrangement. Therefore, the LIBS algorithm, the overlapping parameters, the energy fluence, the pulse 
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repetition rate and the laser wavelength are all crucial for an optimized cleaning process. Their careful selection and 
optimization is assumed. 

5.   CONCLUSIONS 

In conclusion, the interaction of high intensity UV laser pulses with molecular substrates can result in 
significant chemical and mechanical modifications. The nature and the extent of these modifications/effects cannot be 
anticipated on the basis of the ones observed at low laser fluences. Thus, essentially UV ablation introduces new 
physical and chemical paradigms. Besides their scientific importance, these paradigms are important in any 
implementation of UV laser processing of molecular substrates. As shown, irradiation conditions can be defined under 
which potentially damaging side effects to the substrate are minimal or at least inconsequential. Herein, we have 
exemplified the applicability of these concepts in reference with the laser restoration of painted artworks. 

The application of modern laser technology in the field of art-conservation is providing exciting possibilities 
and new prospects both in the context of unwanted surface layer removal as well as diagnostic methods. The successful 
cleaning of various types of artworks is dependent on the appropriate choice of laser cleaning parameters and on-line 
monitoring techniques. 
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High quality cleaning in conservation of cultural heritage by optimized 
Nd: YAG laser induced ablative effects 

R. Salimbeni, R. Pini, S. Siano 
Istituto di Elettronica Quantistica-CNR, Florence, Italy 

Abstract 
The achievement of high quality cleaning of encrusted stone and metals manufacts by optimised laser ablation 

processes was demonstrated for several deterioration typologies. Here we present some representative cases were 
intermediate pulse duration Nd:YAG lasers we developed allowed to achieve specific restoration goals. 

1. Introduction 
Laser cleaning applications in the conservation of cultural heritage have shown in recent years an increasing 

interest by the conservation community. Important laser restoration studies and interventions [1-4] pointed out the necessity 
of appropriate laser technologies and methodologies in order to achieve selective removal of deterioration layers which 
affect the conservation of the manufact and its aesthetic value. For stones and metals, this problem is in a more advanced 
level of investigation, since several physical optimisation studies have demonstrated excellent results based on suitable laser 
parameters. These studies put in evidence a favourable use of Nd:YAG lasers as the optimum choice for its optical and 
practical characteristics for a large variety of restoration problems. Nevertheless typical operating regimes may intrinsically 
induce undesired photothermal and photomechanical effects [5-6]. To avoid these side effects we have devised and 
developed intermediate pulse duration Nd:YAG laser systems, between Q-Switching and Free Running pulse-widths, 
devoted to cleaning applications of different materials and deterioration typologies. Non standard operating regimes beside 
specific intervention methodologies provided restoration goals not allowed by conventional techniques as well as by 
common Nd:YAG lasers. 

Tasks and strategy of the restoration intervention are defined for each specific case through the characterisation of 
the conservation state of the manufact. Various conventional diagnostic techniques are employed in this investigation phase, 
which belong to the standard approaches for the characterisation of the materials under investigation. In particular for stones 
and metals, petrographic, mineralogical and metallographic studies allow a detailed description of the deterioration features. 
That allows defining the main objectives of the cleaning intervention and further conservation treatments such as for 
consolidation and protection. 

Before the demonstration of the capability of the laser techniques, optimum cleaning results with low invasivity 
methods were achieved just in case of simple stratigraphies or where the deterioration was not so advanced. Whereas for 
example the controlled removal or the safeguard of mineral films arising from ancient treatments was often impossible. 
Thus, chemical cleaning, microsandblasting and other conventional approaches typically involve compromises that are hard 
to be accepted in view of the detailed characterisation provided by diagnostic analysis. 

For stones and metals, the proper choice of the laser source and the optimisation of the laser ablation regime can 
provide the achievement of the optimum cleaning goal in a large variety of cases. Here we report the concept of high quality 
laser cleaning to fine discrimination in the removal of layers and/or sub-layers within the encrustation, as well as to the 
finishing of the exposed surface in terms of "readability", surface parameters, colour and other measurable properties. 

In the present paper we discuss briefly some examples of cleaning problems for stones and archaeological metals 
that were encountered during important restoration interventions. 

2. Intermediate pulse duration Nd:YAG lasers 
On the basis of the laser ablation modeling that was developed along the last two decades, and many experimental 

investigation on cases of interest for the conservative restoration we retained intermediate pulse-widths, in the range 100-10 
[is, very interesting for the precise material removal. This pulse duration range can realize a good compromise between very 
explosive material removal associated with irradiation by a few nanoseconds pulse duration and too slow vaporization 
regimes generated by hundred of microseconds pulses. The lack of commercial sources in the cited pulse range, led us to 
develop Nd:YAG laser system prototypes based on Short Free Running (SFR) and a Long Q-Switching (LQS) regimes. In 
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the first case, a pulse duration of 20 us was achieved by shortening the pumping pulse of the flashlamp driver, while a 40 ns 
was achieved by increasing the switching time of the Q-Switching electro-optical device. 

3. Application cases 
After the optimisation of the intervention methodologies on a large variety of standardised and original samples, 

the laser cleaning approach was applied on important manufacts. Thus, cleaning trials of large areas aimed at achieving 
specific cleaning goals were performed on monuments and statues in Florence, Siena and Ravenna. Furthermore we 
performed the laser cleaning of about 30 archaeological metal findings from Tuscany excavation sites. Some of the 
restoration problem we investigated are reported in the following. 

3.1 Santa Maria delFiore (cathedral of Florence) 
The facade of Florence cathedral, completed in the XVIII century, is in a very advanced state of deterioration 

because of the high pollution of the downtown environment. In particular, extended sulphation phenomena involve the 
Carrara marble columns, which call for urgent controlled cleaning, consolidation, and protection interventions. 

a) 

: 
i 

-^jjr — 

Fig. 1. a) Column sample from Santa Maria del Fiore, Florence, b) Stratigraphy of the deterioration horizon observed by an ultrathin 
section, c) Descriptive scheme: 1) black crust, 2) sulfated Ca-oxalates film, 3) surface pseudomorphic sulphation layer i.e. 
reproducing the shape of the original surface, 4) calcite crystals with intergranular decohesion. 

Figure 1 shows one of the samples employed to test different cleaning approach and its typical stratigraphy. 
Because of the high sulphation and darkness of the Ca-oxalates film in this case the restoration task was the complete 
removal of the film, without damage the fragile surface pseudomorphic gypsum, that represents the "memory" of the 
original sculptured surface. Ammonium carbonate poultices, microsandblasting and laser ablation were compared in order 
to achieve this restoration goal. 

3.2 Mausoleo di Teodorico 
During the cleaning operations of the Mausoleo di Teodorico in Ravenna, built with biocalcarenite {Pietra di 

Aurisina), some problems were encountered in the cleaning of the sculptured monolithic dome. It presented a hard and thick 
encrustation (up to 1 mm) over a coherent and not sulphated brown Ca-oxalates film (100 urn). The optimum cleaning result 
in this case, was the removal of the black crust and the thinning of the Ca-oxalate film up to achieve a clear "readability" of 
the denticulate decoration. The laser ablation approach was suggested after not satisfactory cleaning trials by EDTA 
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chemical poultices and microsandblasting. Actually, these methods do not allowed the controlled removal required and they 
also showed low effectiveness, probably because of previous consolidation treatments performed in the past. 

3.3 Palazzo Rucellai 
The facade of Palazzo Rucellai was built in XV century with a Florentine calcareous matrix sandstone (Pietra 

Forte). Present chemical cleaning with ammonium carbonate poultices was unable to clean the capitals and other sculptured 
elements because of the small gypsum content. These elements presented a thick (several hundred microns) and dark Ca- 
oxalates film, originated by ancient treatments with linseed oil. Laser ablation, EDTA poultices, and microsandblasting 
were compared in order to thin the Ca-oxalates films up to achieve a clear readability of the sculptures without the complete 
removal of the patina layer for esthetical purposes similarly to the previous case. 

3.4 Archaeological metal findings 
The laser cleaning of a collection of small archaeological metal findings, including bronze, iron and silver objects 

coming from Tuscany excavation sites was also investigated. After the preliminar analyses of substrate and encrustation 
materials by conventional diagnostics, different cleaning tasks were defined. For example, for the typical encrustation 
stratigraphy of bronze manufacts the cleaning action should be stopped at the copper oxide layer which typically represent 
the trace of the original surface. 

4. Results 
The SFR NdrYAG laser allowed to achieve the cleaning goals for all the three cases of stones cited above with a 

final quality significantly higher with respect to classical cleaning approaches and standard NdrYAG lasers. Figure 2 shows 
details of the ultra-thin section at a cleaning transition on the column sample from Santa Maria del Fiore facade. As it can be 
observed, the sulphated Ca-oxalates film was finely removed while the underlying pseudomorphic sulphation was 
safeguarded, according to the restoration aim. This result was achieved in water-assisted conditions at operative fluences of 
2-4.5 J/cm2 and a pulse frequency rate of 10 Hz. 

Fig. 2. Marble column from Santa Maria del Fiore, Florence. Details of a transition between laser -treated and 
untreated regions. 

A detail of the Ca-oxalates film thinning achieved on the Mausoleo di Teodorico is showed in Fig. 3. The operative 
fluences were slightly higher with respect to the previous case (3-5 J/cm2). Similar high quality results were achieved in the 
case of Palazzo Rucellai.  It must be underlined that this controlled thinning of Ca-oxalates films are impossible with 
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Fig. 3. Mausoleo di Teodorico. Detail of a transition between laser-treated and untreated regions: a) ultra-thin 
section, b) scheme of the previous figure (1: black crust, 2: lime-Ca-oxalate film, 3: stone substrate). 

ProcSPIE Vol. 4184 553 



conventional techniques and they are quite difficult or impossible by standard QS Nd:YAG lasers because of the intense 
photoacoustic generation and non linear optical absorption phenomena associated with the very high operative intensity. 
The SFR Nd:YAG laser was successfully employed also for the cleaning of archaeological bronze findings. As it can be 
seen in Fig. 4 the readability of the laser cleaned area resulted much better than the one provided by scalpel ablation. 
Conversely the 20 us pulse duration laser was not suitable for cleaning of tin, silver and gold films on bronze substrates. In 
fact, the ablation fluence also generated metalization and melting phenomena which substantially altered the texture of the 
film surface. For these cases high quality cleaning (Fig. 5) was achieved by LQS Nd:YAG laser cited above, whereas 
typical QS pulse duration (1-10 ns) can affect the surface texture of low melting point metals because of the high peak 
temperature risen by high operative laser intensity. 

Fig. 4. Examples of laser cleaning of bronze findings by SFR 
Nd:YAG laser. 

Fig.5. Example of laser cleaning of silver film on bronze by 
LQS Nd:YAG laser. 

5. Conclusions 
Our experience in the application of the laser ablation in the conservative restoration led us to select and realise 

optimised Nd: YAG laser sources to overcome intrinsic limitations of the typical commercial systems. Furthermore, after a 
long experimentation aimed at the parametrization of the interaction processes, we defined specific operative methodologies 
aimed at achieving restoration tasks not allowed before. We demonstrated for various restoration problems that high quality 
material removal can be achieved with negligible side effects. In particular we presented the good results in stone cleaning 
by a SFR Nd:YAG laser, especially designed for stone sculpture restoration. The systems resulted suitable also for cleaning 
of archaeological bronze findings, whereas for low melting temperature metals the risk of thermal damages was avoided by 
a LQS Nd: YAG lasers. 
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ABSTRACT 

Laser-assisted generating by the blown powder process is investigated, both, experimentally and theoretically, with respect 
to layer cross section, grain growth, mechanical testing, track remelting and wall surface roughness compared to post- 
remelting. 

Keywords: rapid prototyping, rapid tooling, high power lasers, blown powder process, laser generating, laser cladding 

1.   INTRODUCTION 

As Rapid Prototyping (RP) and Rapid Tooling (RT) are two new technologies, the definitions of RP and especially of RT 
are not clearly defined and often discussed by experts and users1'2. Most of the RP models are used as design models and for 
assembling tests, whereas RT is used for the direct production of tools and moulds. There are two categories of RT: the 
indirect and the direct approach. All methods related to indirect tooling generate a master prototype for finally production of 
the desired mold. Direct approaches do not require the creation of a pattern in advance, the mold can directly be produced3. 
This new technique is very promising for industry as a lot of time and money for design and production can be saved. Right 
now there are some different ways of direct RT. DTM and EOS, two of the leading RP-companies, offer processes for the 
direct production of metal parts, both are based on the Selective Laser Sintering4'5. For another method of direct production 
of metal parts several different names exist: Optomec called it Laser Engineered Net Shaping6, some research centers named 
it 3D-cladding or laser-generating7, the present publication presents this technique as Blown Powder Process (BPP). 
Figure 1 shows the process mechanism and the experimental setup. Similar to laser cladding1 metal powder is blown by a 
lateral or coaxial nozzle into a melt pool induced by a C02-laser. A motion system moves the workpiece horizontally but 
also the powder nozzle and the focusing system vertically layer by layer in order to create a wall. This method can be 
compared to repair welding, as in contrast to cladding the previous layer is substantially remelted by the scanning laser 
beam, thus producing dense metal parts free of spaces or holes. 

Laser Beam 

Fig. 1: (a) process-scheme, (b) experimental setup 

As the technology of the BPP is new and relies upon complex physical mechanisms, rather few theoretical investigation 
about track geometry, grain growth and powder efficiency rate can be found in literature8. Almost all models for the BPP are 
derived from cladding models8 as is done in the present study where a recently developed analytical model9 is applied. This 
model is based on a local energy balance that determines the width wm of the remelted track of the previous layer by deriving 
a melting threshold from the laser beam intensity distribution. Based on the width a mass balance is stated according to the 
powder feeding rate creating due to surface tension a circular cross section of the generated new layer, see Fig. 2(a), with a 
corresponding track width w, height h0, h and surface roughness R2. The amount Am of remelting of the previous layer is then 
estimated by an overall energy balance. The model is described in more detail by Kaplan et al10. 
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2. BASIC INVESTIGATIONS 

Experiments were performed with a Co-base-alloy powder 45 C-NS from Sulzer-Metco: Co 25,5Cr 10,5Ni 7,5W 0,5C, the 
grain size ranging from 40 to 125 um. The beam power of the C02-Laser is 1050 W, focal plane position + 2 mm, beam 
diameter at the workpiece 1,4 mm. The nozzle of diameter 1,5 mm and stand-off distance 10 mm is 30° inclined. The 
process setup is shown in Fig.2(a). Two powder feeding rates are compared: 5 and 10 g/min, processing speed is varied 
between 5 and 20 mm/s. 
The height and width of the processed tracks is shown in Fig. 2(b) as a function of the processing speed for two powder 
feeding rates. The values computed by the mathematical model are in good agreement with the experiments. Width and 
height increase for decreasing speed and increasing powder delivery. At low speed the track is wider than the laser beam 
diameter, but drops below it at high speed which can be explained by the melting threshold intensity compared to the beam 
profile that lowers the width of the remelted track at the top of the previous layer. The powder catchment efficiency TJP is 
derived by relating the track cross section of the added layer wh to the powder feeding rate and the processing speed. TJP 

ranges from 30 % to 45 %, increasing with speed. For the model a constant value TJP = 40 % was applied. 
Track width w 
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Laser beam 
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New layer 
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Fig. 2: (a) schematic description of the cross section, (b) experimental and calculated 
track height and width as a function of the processing speed for two powder feeding rates mv 

Cross sections of the generated tracks, prepared by polishing and etching, are shown in Fig. 3(a) for different values of 
processing speed and powder feeding rate. The trend of height and width from Fig. 2(b) can be clearly seen. For all shown 
walls the bottom layer is the first layer that was generated on a steel sheet, similar to laser cladding. As can be seen the tracks 
can become wider layer by layer, while in some cases the width decreases. This behavior is caused by a change from three- 
dimensional heat conduction in the substrate to heat flow constrained to the vertical wall in the generated wall, thus altering 
the width of the remelted track as base of the next layer. This mechanism is theoretically confirmed by applying an extended 
model of a moving Gaussian source of heat". 
A magnified view on the track cross section is given in Fig. 3(b) for three significant cases. The cross sections predicted by 
the mathematical model that are in good agreement with experiments are shown above for comparison. Low powder feeding 
rate (mv < 5 g/min) corresponds to the deposition of thin layers, while several previous layers are substantially remelted, 
causing a very smooth wall surface, but low building rate. The height h0 of the entire melted track is much higher than the 
height h of the added layer, thus h0» h. 
In case of medium powder delivery (5 g/min < mv < 20 g/min) the depth remelted in the previous track (dm = hg-h) is of 
similar extent compared to the deposited layer (h0 ~ 2h, dm ~ h), while roughness increases slightly. This case is the most 
common case for laser generating and can be recommended for application. The characteristic shape of the remelted track is 
governed by increased heat conduction and absorption at the side walls compared to the center. 
At high powder feeding rate (mv > 20 g/min) the building rate is very high and remelting of the previous track is limited to a 
thin layer (h0 ~ h, dm « h). The circular cross section creates a geometry of undesirably high surface roughness. In addition 
the height varies significantly layer by layer and defects are likely to occur, as can be seen in Fig. 3(a) for mv - 20 g/min and 
mv = 30 g/min. 
These three process modes are almost unaffected by the processing speed that mainly alters height and width. As can be 
seen, the track cross sections are almost circular. Detailed investigation reveals a slightly elliptic shape with the lateral main 
axis being merely 10-20 % larger than the second elliptical axis over the whole parameter range. 
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Fig. 3: (a) cross sections of generated walls for varying speed and powder feeding rate, 
(b) three distinct building modes for low, medium and high powder delivery: experiments (lower) and model results (upper) 

Due to the layered construction method of the BPP only anisotropic parts are produced. Thus specimen for tensile testing 
have to be examined in two directions: parallel to the direction of processing speed and perpendicular to this direction. 
Results of tensile testing for powder 45C-NS can be found in Table 1. 

Tensile strength Rm (N/mm2) Yield stress i?p02 (N/mm2) Elongation after fracture (%) 
Parallel 1046,0 711,8 11,4 
Perpendicular 864,7 640,0 2,4 

Table 1: Characteristic values of tensile testing parallel and perpendicular to the processing direction 

The tested Vickers hardness varied between 340 and 360 HV(30). As can be seen from the cross sections in Fig. 3, no 
cracks, holes or any other defects occur in the material except for very high powder rate and speed. Moreover, density of the 
welded material is 100 %, i.e. the same as for the base material. All the above stated features clearly demonstrate the 
feasibility of BPP with respect to mechanical properties for the production of heavy-loaded parts as moulds and tools for 
deep drawing. 

3. APPLIED IMPROVEMENTS 

No doubt the rough surface is a disadvantage of the BPP. Main reason for the roughness is the circular shaped cross section 
as mentioned above. Fig. 4(a) shows the experimentally measured and the calculated surface roughness Rmax as a function of 
processing speed for two powder feeding rates. Particularly in the low speed regime the model overestimates the roughness, 
but the qualitative trend permits to explain the experimental behavior. Roughness decreases for decreasing powder feeding 
rate as explained in Section 2.2. Moreover, increasing speed lowers the roughness due to reduced layer height and in turn 
finer structures. 
For low values of Rmax a rectangular-shaped melt pool would be ideal for building the next layer, as no ruggedness would 
occur. The above conditions of high speed and low powder feeding rate provide a flat, almost rectangular melt pool11. Of 
course, for these parameters building-rates are rather low, thus a compromise has to be found. Roughness can be reduced 
from 30 um to 15 um by this measure as to be seen in Fig 4(a). A further promising way to improve the surface quality is 
remelting of the surface with a laser beam. This can either be done with a C02-laser with line-shaped focus or with a 
semiconductor laser. During first experiments Rmax was reduced from 40 to about 13 um. 
A fundamental condition for the creation of 3D-parts is the creation of inclined walls. With a linear three-axis motion system 
this can only be done by a lateral offset after each layer. Due to this offset the melt pool of a new track only partially 
overlaps the former track. If the ratio of the width of the new track to the previous track exceeds a certain limit building-up 
fails because the melt pool has no opportunity to stick on the former track. Experimental investigations reveal a maximum 
inclination between 40° and 45°. Fig. 4 (b) shows another interesting aspect of inclined prototyping: as the tracks become 
larger for rising inclination angles, the width increases and the depth decreases. Moreover, the powder catchment rate 
slightly decreases compared to building of straight walls with the same parameters due to a reduced interaction-cross-section 
between the powder jet and the melt pool. 
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• • Experiments, n\ = 10 g/min 
 Model. n\, = 10 g/min 
■  ■ Experiments, n\ = 5 g/min 
 Mode!, n\ = 5 g/min 

Processing speed v   [m/s] 

Beam power 1340W 
Beam diameter 1,4 mm 
Processing speed 8 mm/s 
Powder feeding rale 8 g/min 

Height 

Efficiency 

Wall inclination angle [°] 

-ftg- * foj Surface roughness as a function of processing speed for two powder feeding rates, (b) powder catchment efficiency, 
width and depth of the track as a function of the wall inclination angle 

Another technique for building of 3D-parts is handling of the workpiece by a 5-axis-gantry or articulated robot in order to 
keep the melt pool horizontal for any wall inclination without limiting angle, the only restriction is the minimum wall 
thickness. Most important is a powerful CAD-system and a fitting post-processor in order to create a correct slicing-model of 
the part to be built. There are several post-processors on the market for five-axis motion systems, but currently no 
applications demand for a horizontal melt pool. 

4. CONCLUSIONS 

(0 
(ii) 

(iii) 
(iv) 
(v) 

(vi) 
(vii) 
(viii) 
(ix) 
(x) 

Laser rapid prototyping by the blown powder process has been studied experimentally and theoretically 
For Co-base alloy powder the influence of powder feeding rate and processing speed were studied 
A mathematical model based on balances of mass and energy well predicts and explains the experiment 
Roughness and layer width and height decrease for increasing speed and decreasing powder feeding rate 
Depending on powder delivery three modes can be distinguished 

1: Low powder feeding causes smooth surfaces but little building rates 
2: Medium powder feeding (5-20 g/min) creates tracks of reasonable roughness and building rates 
3: High powder delivery causes high roughness and minimum substrate remelting, defects can occur 

The mechanical properties of the generated walls are anisotropic but satisfactory, density is 100 % 
The track cross section is almost circular and determines the roughness when intersecting the next layer 
Surface smoothening can be achieved by post-remelting of the generated wall surface yielding Rz = 13 urn 
For 3D-processing the wall inclination limit was identified to be 40-45°, except for robot handling 
BPP is a suitable method for rapid tooling, the present study is a first step to state limits and potential 
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Transient processes under the interaction between gas laser lights and 
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ABSTRACT 

Recent research results concerning lasers and the laser ablation of solid and liquid targets are described briefly. The main 
laser for experiments was KrF laser pumped by an electron beam. The model calculations were performed for the high rep- 
rate F2 lasers in mind. An infrared laser and X-ray were taken into account for the model calculations of a space re-entry 
program and the wall material ablation of an inertial confinement fusion implosion. 

Keywords: KrF laser, F2 laser, X-ray, Target ablation, Carbon, SiC, ID model calculation, Re-entry probe, Implosion 

^INTRODUCTION 

Solid and liquid targets were irradiated by focused high power UV and VUV lasers to investigate the accompanied 
fundamental processes which are interesting from the point of view of transient fluid dynamics. When the targets are 
irradiated with intense pulsed laser lights, the surface layers of the targets are ablated. In some cases, mists of the target 
materials are produced and remain for rather long time. In other cases, macro-particles are produced and degrade the quality 
of thin films on the substrates. If the duration of the mists is too long, the next coming laser light is disturbed by the mists 
and may not be able to arrive at the targets. So that, in these cases, we can not irradiate the targets with repetitively operated 
laser lights. These kinds of situations are not preferable for the lasers to be applied to the material processing or the inertial 
confinement fusion. We must suppress the formation of the mists and macro-particles, or make the mist duration as short as 
possible. To solve these problems in the near future, we made some experiments and calculations as the preparatory works. 
Two kinds of excimer lasers were considered in this paper. One was a short pulse KrF laser, and the other was a VUV laser. 
Temperature controlled target holder was designed and built. Various solid or liquid targets were used to simulate some 
practical situations. 

2.EXPERIMENTS OF UV LASER INTERACTION WITH TARGETS 

Various kinds of targets were irradiated with KrF lasers to investigate the basic ablation processes. The preliminary results 
are shown in our former publications.11 The continued experiments were performed recently, which are shown here. An 
electron beam pumped KrF laser (248nm, ~1J, ~10ns) was focused on targets and the produced ion flow was measured with 
a biased ion collector. The schematic diagram of experimental setup is shown in Fig.l of Reference 1 or Fig. 10 of Reference 
2. When we used solid carbon target, we could observe the quantity of produced plasma as a function of the laser fluence 
(Fig.l). Solid aluminum or liquid welding solder was used as the target in place of carbon. Produced thin films on substrates 
were observed with a microscope. In some cases, we could observe macro particles on the films. More experiments are 
necessary to discuss our results in more details. 

3.MODEL CALCULATION OF VUV LASER CHARACTERISTICS 

We have reported some experimental results of UV (KrF) lasers under high repetition rate operation3"5'. To make same 
experiments under VUV laser irradiation, we must shorten the laser wavelength in our laboratory. Before we revise our UV 
laser to VUV laser, it is necessary to estimate the UVU laser characteristics. Although some numerical results concerning 

*   Correspondence: Email: kkasuya@es.titech.ac.jp; WWW:http://www.es.titech.ac.jp/~kkasuya/introl html- Telephoned 
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Figure 1. Quantity of ablated plasma as a function of KrF laser fluence. 

UVU lasers are published, all of them are zero dimensional calculations. As we have experiences of one dimensional 
calculation for UV laser61, we extended our former computations to the UVU region. Some of our most recent results in the 
case of F2 laser are shown here, which details are described in our accompanying paper71. The cross sectional view of the 
two dimensional discharge-electrode space is shown in Fig.2 of Reference 7. The gas flow axis is denoted with X in the 
same figure, while the optical axis of the laser cavity is vertical to the page. The shape of the both electrodes was assumed 
to be a part of cylinder. The width, length and separation of the electrodes were 26mm, 450mm and 22.5mm. The numerical 
results of the discharge current and the photon density profile at the laser wavelength are shown in Fig.2 and Fig.3. 
Although these results are for the case of discharge-pumped laser, we would like to extend our calculation also to our 
electron beam pumped laser case (if possible, in the near future). 
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Fig.2 Discharge Current as a function of time 
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Fig. 3 Three dimensional plot of photon-density profile 

4.MODEL CALCULATION OF UV LASER ABLATION 

A sample calculation of solid target ablation was performed here. A graphite target was irradiated with a KrF laser light 
(248nm, lOOmJ, 20ns, flat top with time, 1mm2 diameter and 5xl012w/m2). A CIPRIS (Cubic Interpolated Propagation for 
Research Ingenious Software) computer code was borrowed and used. The simulation results are shown in Fig 4 Only a 
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small restricted region of the whole target is shown here (5mm vertical and 1mm horizontal, the scales are not same for 
the both directions). The left ones are the number density contours, while the right ones are the temperature contours. In the 
same figures "time" is the delay time in nanosecond from the start of the laser light. The center vertical line is the interface 
between the solid (on the left side) and the vacuum (on the right side). When the ablated plasma expands, the temperature 
also drops rapidly. With these results, we can see that the ablation does occur with a time delay after the laser irradiation. 
The ablation time scale is between some tens of nanosecond and some hundreds of nanosecond. The density contour does 
not change any more after 250ns and then begins the solidification. The depth of crater in the target is about 0.3mm. 

tiae 

22ns 

46ns 

94ns 

248ns 

Fig.4 Density (left) and temperature (right) contours of ablated graphite with short pulse KrF laser light. 

5.MODEL CALCULATION OF RE-ENTRY FLOW FIELD WITH HIGH RADIATION FLUX 

To estimate the extreme conditions accompanied with a Jupiter entry probe81 in the field of space sciences, a model 
calculation was performed. The equilibrium composition and spectral absorption coefficient of SiC ablation layer plasmas 
were calculated for temperature of 5,000 to 7,000K, layer thickness of 0 to 7.5mm, and pressure of 0.1 to l.OMpa. The 
included radiation species were molecular bands, atomic lines, and continuum processes. The absorption coefficient thus 
calculated was applied to a simplified model of the ablation layer. In Fig.5, the sample results of total radiation intensity are 
shown as a function of the shock standoff distance, where the notations are same with the ones in Reference 9. It was found 
that the molecular carbon bands were very effective in reducing the high-temperature radiation flux from a stagnation shock 
layer at low ablation-layer temperature, and the photo-ionization process in atomic elements (carbon, silicon) at high 
ablation-layer temperature. 

6.SIMPLE CALCULATION OF WALL ABLATION WITH X-RAY 

The last subject in this paper is a simple numerical estimation of the wall material ablation with X-ray under an inertial 
confinement target implosion. We obtained preliminary results for the quantity of the wall-materials which was ablated by 
the implosion. We gathered the necessary data for X-ray absorption as a function of radiation wavelength. Taking into 
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account of the spectral distribution of the implosion X-ray and the absorption data, the absorbed X-ray energy to estimate 
the evaporated wall thickness was calculated91. 
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Fig.5 Numerical results of intense radiation from hydrogen-SiC shock layer. 
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ABSTRACT 

In this paper we report measurements (0.3 < X(\im) < 2) of the diffuse reflectivity and absorptivity of TNT obtained from 
different manufacturing processes (cast or compressed) and HMX. Particular emphasis is placed on the Nd:YAG laser (X - 
1.064 \im). It has been found that the diffuse reflectivity of TNT increases from about 50% for the cast material to 97% for 
the compressed one; furthermore, liquid TNT (T > 81°C) appears to be quite transparent. The laser beam volume absorption 
has been computed according to the Kubelka-Munk (KM) semi-empirical model including our own measurements. This 
diffusion model has been incorporated into a 2D numerical code of heat conduction of reactive materials in order to predict 
thermal ignition. Numerical applications of this model are in agreement with the concept of "critical laser intensity", 
providing material phase changes are taken into account. Otherwise, the same numerical model has been used in order to 
optimize the dopant (CB) concentration in HMX to enhance its thermal ignition. It has been shown that a very low CB 
concentration (<1%) has a dramatic effect on the optical properties of doped HMX. 
Keywords: HEX laser ignition, Optical properties, TNT, HMX, C02, NdrYAG, Diode lasers. 

1. INTRODUCTION 

The first part of this paper deals with laser neutralization of land mines (or UXO). We consider here the case of explosives 
embedded in a plastic casing (PVC). As opposed to a metallic casing where the laser energy is transferred to the explosive 
only by heat conduction, the plastic wall is soon burnt through by pyrolysis leaving the explosive directly irradiated by the 
laser beam. The rate of energy transfer is then strongly dependent on the optical properties of the explosive material at the 
laser wavelength. The second part of this paper deals with the modification of the absorption properties of HMX by dopant 
addition (carbon black = CB), its purpose is to optimize laser diode ignitors (LDI). 

2. MEASUREMENT OF THE OPTICAL PROPERTIES OF TNT 

Two test set-ups have been used in order to measure the reflection and the transmission of slices of explosive materials: a) a 
spectrophotometer equipped with mirrors allowing diffuse radiation measurements (200 < X < 2000 nm); b) a specific test set- 
up including an Nd: YAG laser and integrating spheres to collect the reflected and transmitted radiation. The two-step operating 
mode used on this test bench is described in fig. 1. The system calibration is done with a totally reflecting mirror and the 
measurements of reflection and transmission are performed by placing the sample at the bottom and in the sphere aperture 
respectively. 

2.1. TNT Transmission Measurements at C02 Laser Wavelength (?i=10.6 pm) 

The device used is the spectrophotometer. Due to a rather short absorption length (a few pm), the TNT powder has been 
mixed and pressed with KBr in thin pellets. From the effective mass of TNT contained in these pellets one computes an 
equivalent thickness Eeq,. Assuming that the Lambert-Beer absorption law holds it can be written as: 

Iir=(l-R)l0exp^-aEeqj. (1) 

One can extract a value of the absorption coefficient a from a couple of measured transmission values i\ and x2 corresponding 
to two different equivalent thicknesses Eeqi,Eeq2: 

«=Li(t2/T1]/[Eeql-Eeq2]. (2) 

The slope of the straight line fitting the measured data points provides a value of oc= 220 cm'1 for the TNT analyzed at the 
C02 laser wavelength (fig. 2). 

2.2 TNT Diffuse Reflection and Transmission at Nd:YAG Laser Wavelength (X = 1.064 pm) 

The absorption coefficient computation used for the C02 laser is no longer valid for the Nd:YAG laser: i.e. the absorption 
length is greater than for the C02 laser (a few mm), TNT exhibits a semi-transparent behavior; the grain structure of this 
material (dependent on the manufacturing process) induces light scattering. Two types of material have been tested: cast 
TNT and the pressed one. The measured values of diffuse reflection and transmission are reported in table 1 for different 
sample thicknesses. 
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Material Thick (mm) Reflect, p Trans, T 

Cast TNT 2 0.424 0.37 

« 3 0.435 0.29 

« 4 0.436 0.23 

Pressed TNT 2.1 0.935 0.064 

« 3 0.948 0.043 

« 4 0.956 0.028 

Table 1. Measured values of diffuse 
reflect./transm. for TNT at A, = 1.064 urn. 

3. LIGHT SCATTERING MODEL 

The laser beam absorption in the bulk material can be described by the 
semi-empirical KM model1 based on an analytical solution of the 
Hamaker2 equations and fully described in ref.'. The basic differential 
equations have been written in terms of two parameters: a as the diffuse 
absorption coefficient (a * a) and s, the scattering coefficient: 

dI(x)/dx=-(a+s)l+sJ (3) 
dj(x)/dx=(a+s)j-sl (4) 

with the following boundary conditions: 

l(x=0)=(l-P°)li+PiJ(x=0) (5) 

(6) 

Material Thick (mm) Ref. index n a (cm"1) s (cm"1) 
Cast TNT 4 1.413 0.6216 4.322 

Pressed TNT 4 1.413 0.0579 113.1 
Table 2. Computed values of diffuse absorption and scattering 

coefficients from the KM theory. 

j(x=D)=pil(x=D), 

where / and J are the light fluxes propagating in the incident beam direction and in the backward direction, respectively. /,= 
incident flux, p0- reflectivity of incident energy (x = 0), pi 
^reflectivity of radiant energy emerging from the solid, D= 
sample thickness. An analytical solution of this set of equa- 
tions can be found, providing one knows experimentally the 
reflection p and the transmission xofat least two samples of 
different thickness D. It results in a set of implicit algebraic 

equations whose solution yields the required values of the a and s coefficients defining the absorption law for a given sample 
thickness. The computed values of a and s for the two kinds of TNT investigated and a thickness of 4 mm are reported in 
table 2. Using the above-computed values a, s of table 2, the local relative light intensity (I-J)/Ij and its derivative d[(I- 
J)/IJ/dx have been plotted vs. the depth inside the sample (fig. 3). This graph refers to both kinds of TNT at X - 1.064 p.m. 

4. NUMERICAL MODEL FOR THE THERMAL IGNITION OF HEX 

A numerical model solving the heat conduction equation of reactive materials has been developed ". The basic assumptions 
included are the following: a) the optical and thermo-physical properties of the material are temperature dependent; 
therefore, for applications presented here Cpi K, a are kept constant; b) phase changes, i.e. melting and vaporization, are 
taken into account; c) HEX exothermic reactions are included as internal heat source, expressed by an Arrhenius type law; 
d) the light volume absorption is computed according to the KM model; e) the heat conduction equation is solved 
numerically by an explicit integration method based on a 2D spatially variable step grid. 

6.7 

4.1. Thermal Ignition of TNT with C02 Laser Beam 

Prior to running numerical codes, one can compute a critical laser intensity /* 0,/ defined by a balance between the surface 
temperature gradient due to laser heating and those due to chemical reactions. The critical conditions are met when the 
surface temperature reaches vaporization at time r*: 

[aTs/at]chem=[3Ts/at]lasand Ts(a,t*)=Tv. (7) 

The computed values of I* for cast and pressed TNT at both A=10.6 and 1.064 urn are reported in table 3, assuming constant 
thermo-optical properties and neglecting phase changes. 

4.2. Numerical Applications 

Several numerical applications using numerical codes have been attempted. The laser intensity of 63.6 W/cm2 is higher than 
the computed critical value for the C02 laser, but lower 
than that of the Nd:YAG laser. For the latter, measured 
values of table 2 have been introduced into the KM 
model. Fig. 4 is a plot of the centerline front and back 
temperature rises of the TNT sample (<I> - 20 mm, thick 
= 4 mm) in the three successive cases: 1) cast TNT/C02 

laser; 2) cast TNT/Nd:YAG laser; 3) pressed TNT/Nd:YAG laser. It can be seen that for C02 irradiation, surface vaporiza- 
tion is reached very soon and that the target is entirely burnt through after 8.3 s without ignition. The situation is different 
with the Nd:YAG laser; it can be seen that a complete melting of the sample occurs, the liquid TNT being heated up to 
sudden vaporization (=12 s) and critical conditions are met for t* = 10 s. A similar phenomenon is observed for pressed 
TNT; critical conditions are met at t* = 120 s. Fig. 5 is an assembly of successive sample sections showing the melting front 

Material Laser Surf.absorp.(l-R) 0tea-(cm"') I* (W/cm2) 
Cast TNT YAG 0.56 2.25 310 

Pressed TNT YAG 0.06 2.1 2700 
Cast TNT C02 0.9 220 24 

Table 3. Computed values of critical intensities /* 
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recession in the last case 3). The difference in behavior between the two TNT samples lies in the fact that diffuse reflection 
on the surface of cast TNT is close to 50%, whereas it reaches 95% for pressed TNT, yielding an extremely low heating 
rate. As a conclusion, the ignition conditions are obtained in the melting phase. 

5. EXPERIMENTAL RESULTS 

Qualitative results have been obtained by irradiating TNT with a CW C02 laser (Pmax = 500 W) and an RP Nd:YAG laser 
(Pmax = 600 W). The different behavior of TNT towards both lasers can be summarized as follows: using the C02 laser, an 
encapsulated charge of TNT (30 g) in a 3 mm thick PVC casing has been irradiated under 300 W/cm2, the plastic skin is 
burnt through after 40 to 60 s irradiation; then the combustion of vaporized TNT starts on the heated residues of the 
envelope, the combustion is self-sustained and may last several minutes. Fig. 6 shows the two halves of the cut cylinder 
after irradiation. Experiments performed with the Nd:YAG laser on TNT contained in a transparent vessel (glass) show a 
low melting of the whole TNT followed by spontaneous ignition of the emitted vapor. Although, no quantitative comparison 
has been attempted, the experimental observations are in good agreement with our theoretical predictions. 

6. ENHANCEMENT OF HMX ABSORPTIVITY FOR CONTROLLED LASER IGNITION 

The model developed to describe the thermal ignition of scattering materials has been used to optimize a laser diode ignitor 
(LDI) made of HMX carbon black (CB) doped irradiated by diode laser (k = 830 nm). The fine CB powder (5> = 40 nm) is 
mixed in low concentration (< 3% in mass) with HMX powder (3>mean = 3 urn) and pressed together. The diffusion 
coefficients am and sm of the mixture can be computed from both the values for pure products and the specific surfaces of the 
dopant Ed (CB) and the powder Ep (HMX) according to: 

am=ai)Zi)+adSd. 

sm=s Z +s Z   . (9) 
P     P        d     il 

The specific surfaces Ep and Ed are usually given by the manufacturer (Ed = 61m2/g) or computed assuming spherical joined 
grains with a given diameter, thus am and sm (coefficients of the mixture) are a function of the dopant concentration. Measu- 
rements of reflection/transmission on pure HMX pellets (1mm thick) at A, = 830 nm give values of ap = 108 cm1, sp= 1446 
cm"1 (highly scattering medium). Similar measurements on CB doped HMX pellets provide values of ad= 1670 cm"1, sd = 
170 cm"1 (quasi-opaque material). Using the KM model described in chapter 3, on can compute the surface diffuse reflection 
which can be compared to measured values as shown in fig. 7 as a function of CB concentration. It appears that the effect of 
a very small addition of CB to HMX may change considerably the laser absorption and enhances the ignition probability of 
HMX. 

CONCLUSIONS 

From measurements of both diffuse reflection and absorption of HEX at current laser wavelengths (C02, Nd:YAG, diodes) a 
theoretical model has been established in order to study the thermal ignition of several HEX (TNT, HMX). It has been shown 
that TNT irradiated with a C02 laser exhibits a behavior governed by an ablation phenomenon which may prevent the ignition 
even at low flux (= 60 W/cm2), whereas irradiation by an YAG laser induces a total melting and heating of the liquid phase 
which may lead to thermal ignition. It has been shown that the addition of CB, at a very low concentration, to HMX 
considerably changes the optical properties of the explosive, thus enhancing the laser absorptivity and the probability of 
thermal ignition. 
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Industrial Iodine Lasers: An Untapped Military Resource 
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ABSTRACT 

The Chemical Oxygen-Iodine Laser (COIL) has been studied for several industrial applications. Recent 
demonstrations have shown that lasers can be highly effective for size-reduction cutting of radioactively- 
contaminated structures. 

1.   INTRODUCTION 

The dismantlement of obsolete nuclear weapon production facilities and nuclear power reactors is a major 
challenge for the U.S. Department of Energy (DOE) and commercial nuclear power utilities. It is also a 
festering international problem, with dangerous reactors and Cold War weapon facilities endangering the 
environment and people's health and increasing the threat of proliferation. The DOE has over 3700 old 
facilities in need of dismantlement and other nuclear nations undoubtedly have similar numbers of 
facilities. It is also estimated that the republics of the former Soviet Union have over 400 military nuclear 
reactors, many on naval vessels, which should be decommissioned as soon as possible. A similar number 
of commercial power reactors will need to be decommissioned in the next 30 years. Existing tools are 
inadequate to deal with tasks of this magnitude and urgency in an expeditious, safe, and cost-effective 
manner. New tools are needed to accelerate decommissioning schedules and to efficienüy segregate wastes 
so that materials can be reutilized and long-term storage requirements minimized. More effective 
dismantlement and reutilization would reduce the dangers of accidents and proliferation and simplify the 
monitoring and control of the remaining facilities. 

2.   WHY LASERS FOR DISMANTLEMENT? 

Conventional dismantlement technologies (plasma arcs, water jets, oxygen-gas torches, diamond wires, etc) 
have a number of limitations. They are often labor intensive and expensive, they usually generate 
significant secondary waste streams, they sometimes require bulky equipment that cannot be used in 
confined areas, and many of them cannot expeditiously cut through the thickest components or through 
certain materials. As a result, multiple tools are required to conduct dismantlement operations, even for 
similar tasks. Although these conventional tools are able to accomplish many of the dismantlement tasks, 
they require extensive worker interaction for setup and maintenance. Shortcomings in these techniques can 
usually be compensated for, but at the expense of increased exposures, secondary wastes, and times.   As a 
result, it is difficult for such techniques to provide the rap[id and versatile sectioning needed to efficiently 
segregate different waste streams, minimizing the volumes required for long-term storage and maximizing 
the recycling of low-level activity materials. 

A number of recent experiments have shown that laser systems can be highly effective tools (and perhaps 
the only feasible tools) for certain dismantlement tasks.1,2 The Nuclear Power Engineering Corporation of 
Japan demonstrated the use of a 20 kW carbon monoxide (CO) laser in doing single-pass cutting of large 
arrays of stainless steel pipes and in cutting through a twelve-inch thick stainless steel core support plate.3 

However, a CO laser beam cannot be conveniently and efficiently delivered to remote and confined areas 
since it operates at wavelengths (4-8 microns) that are not transmitted by standard fiber optics. Thus, 
articulated, hard optics delivery systems are required, which are prone to misalignment and have high 
losses from beam spillover, absorption, and reflections at each relay optic interface. C02 lasers, at 10.6 
microns, suffer from the same losses. These far infrared wavelengths do not couple as well as near infrared 
wavelengths into many materials, especially aluminum alloys. As a result, a laser beam near 10 microns 
cuts at about a third of the rate for a beam near one micron.   However, current industrial laser systems that 
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can be delivered via standard fused silica fiber optics (restricted to wavelengths from about 0.4 microns to 
about 1.6 microns) are not capable of the high average powers needed for practical dismantlement systems. 
Neodymium YAG (Nd: YAG) lasers, atl.06 microns, can be transmitted by fiber optics, but they have not 
been demonstrated at average powers beyond 10 kW (and will not exceed this threshold for the forseeable 
future). Nd: YAG systems have been used to cut a variety of reactor and weapon production components, 
including fuel rod support assemblies and plutonium-processing glove boxes.4 However, in all cases, the 
off-the-shelf industrial Nd:YAG lasers were limited to cutting of relatively thin sections (0.5 cm or less). 
In addition, in many instances the tasks were simple and repetitive and the objects to be cut had to be 
delivered to a laser cutting station. Although the cutting generated little secondary waste, the beam quality 
of the devices used was at least several hundred times diffraction limited, requiring the laser cutting heads 
to be precisely positioned, within about a millimeter of the objects being cut, to keep the beam focus on the 
surface. 

3. FULL ADVANTAGES OF LASERS NOT REALIZED 

Low average power and poor beam quality lasers have also prevented the full capabilities of robotic 
systems from being demonstrated in dismantlement. (The same case may be made for many other 
applications of lasers in industry, where the speed and accuracy possible with may robotic systems is 
hampered by underpowered lasers and poor beam quality.) Because of the relatively poor beam quality, 
robotic systems must adapt precisely to object contours and to any relaxation of the structures as they are 
cut. Thus, auto focus systems are critical and cutting routes must be carefully planned to avoid sections 
which are too thick to cut easily. In past demonstrations, when off-the-shelf robotic control systems were 
used, complex cuts, as for glove boxes, were meticulously preplanned and often took many minutes to 
accomplish. More advanced robotics control systems, such as those developed by Sandia National 
Laboratory's Intelligent Systems and Robotics Center, allow such route planning to be done much more 
rapidly. However, the full capabilities of these advanced robotic control systems are limited by the low 
average laser powers, which reduces cutting rates below practical levels for thick structures. (A 3 kW Nd: 
YAG is limited to cutting materials no thicker than - 1 cm.) A 3 kW Nd: YAG laser was used recently by 
the Intelligent Systems and Robotics Center to cut a glove box made of .125-inch stainless steel. However, 
the 3 kW system was not used to cut through the glove flanges or support structures and it had to precisely 
follow the box contours because of the laser's relatively poor beam quality and short depth of focus. In 
addition, many glove boxes are often much thicker, constructed of half-inch stainless steel, and are 
laminated with lead plates in certain sections. Thus, to enable narrow-kerf, single-pass cutting of complex, 
thick objects, a high average power, high quality beam is needed. 

Direct laser cutting of such laminates has not been demonstrated in the U.S. However, Russian researchers 
recently reported the laser cutting of lead plate and reactor fuel elements, constructed of a variety of 
materials, using a 3 kW C02 laser.5 Currently available Nd: YAG systems would probably require manual 
removal of any lead laminates before laser cutting could be done. (Note: Plasma arc cutting of the 
plutonium-processing glove boxes at DOE's Rocky Flats site is the current baseline approach, though such 
cutting generates relatively large volumes of secondary wastes and requires significant manual intervention. 
Laser cutting options for such contaminated structures are being investigated by a few groups, however.) 

The full benefits of using lasers in decontaminating and dismantling nuclear facilities can only be realized 
with high average power beams (-20-30 kW) that can be delivered by standard industrial fiber optics to 
remote and/or confined work areas. Fiber optics delivery, especially with high beam quality, also allows 
the full benefits of robotics systems (rapid, precise operations) to be realized. High powers are critical to 
enable the cutting of even the thickest components (up to twelve-inch thick reactor vessels), rapid cutting of 
thinner components, rapid scabbling of contaminated surfaces, or the simultaneous use by multiple work 
stations. There are no commercial lasers that can provide a fiber-transmitted beam at such powers. While 
a C02 laser can be scaled to high average powers, it cannot be fiber delivered. Conversely, a Nd: YAG 
beam is fiber deliverable, but it cannot be scaled to 20-30 kW. Fiber delivery to remote locations could 
reduce worker exposures and thus labor turnover costs. No-wear laser end effectors would require only 
minimal maintenance, again reducing labor hours and exposures. High beam quality allows small laser 
spot sizes and narrow kerfs, reducing secondary wastes. In addition, high beam quality allows the beam to 
have a large depth of focus, creating an extended range over which the laser beam will maintain a high 
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enough intensity to cut effectively. This allows the beam to cut more uniformly, for a greater depth, 
without rigid control of the spacing between the cutting head and the work surface. 

A laser system to satisfy dismantlement needs could be produced by modifying a military weapon laser to 
operate more economically and for longer times. The Chemical Oxygen-Iodine Laser (COEL) was invented 
and developed by the U.S. Air Force, beginning in 1977, as a weapon system. As a gas-transfer laser, the 
COEL concept is scaleable to very high powers without loss in beam quality. It has been demonstrated at 
over a hundred kilo Watts and an airborne version is now being built, at even greater powers, to shoot down 
ballistic missiles from hundreds of kilometers. An industrialized COIL, with power to spare and a 
wavelength (1.315 microns) that is easily transmitted by standard fused silica fiber optics, would be an 
extremely versatile tool for dismantlement and recycling operations. It would not be a single-task tool. It 
could be used for cutting, scabbling, and welding of a variety of materials and components. It's high 
average power would also allow the simultaneous use of multiple workstations. Industrialization of COIL 
is straightforward. A 20-30 kW device capable of running for extended times could be built and deployed 
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Figure 1 COIL Cutting Experiments and Models 

in less than two years. Reductions in capital and operations costs could be achieved by developing more 
refined industrial subsystems and controls. These refinements could be made while the performance of a 
prototype is tested at a variety of tasks and locations. In fact, a number of achievements in this area have 
already been made, as reported by others at this conference and by groups in Japan, Germany, Russia, and 
the United States. 

The combination of high beam quality of a COIL and efficient coupling into a variety of materials makes a 
COEL system very attractive for cutting thick sections rapidly. Because of the wavelength difference, a 
COIL cuts about three times faster than a C02 laser of comparable power. Also, while standard plasma arc 
cutting is apparently limited to structures no thicker than about 3 inches, computational models of COIL 
cutting indicate that a 30 kW system could cut even foot-thick stainless steel at over 2 cm/min. (See Fig 1.) 

The construction and deployment of an "industrial" COIL at a nuclear facility, perhaps as shown in Figure 
2, would probably cost $5-10 M. The deployment cost would depend upon whether a high or low 
operating cost system is built. The capital costs of these two general options are, in general, inversely 
related to their operating costs. Thus, potential users of such a system must decide on what type of 
industrial system would best satisfy their objectives. Although there is a large market for dismantlement 
and recycling services in the US and overseas, the actual profitability of using COEL for dismantlement is 
uncertain, preventing potential industrial sponsors from independently supporting it's development. It 
seems that a large portion of the profits in DD&R are a result of the huge amount of labor required. An 
industrial COEL system could potentially break the paradigm of such labor-intensive operations and enable 
dismantlement schedules to be accelerated and costs to be reduced dramatically. Thus, an industrial COEL 
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could be of great benefit to the U.S. Department of Energy and to U.S. nuclear power utilities, and for 
similar groups overseas. With mortgage costs of some nuclear weapon production sites, such as Rocky 
Flats, approaching a million dollars a day, the cost of a COIL prototype could easily be justified if an 
industrial COIL accelerated the closure of such a site by even a couple of weeks! 

>^ '*. 

Figure 2 In-Situ Dismantlement with High Power COIL 

Fiber delivery of the high power COIL beam is also a critical area for an industrial or dismantlement COIL 
system. The Air Force has demonstrated delivery of a 7.2 kW COIL beam through a standard industrial 
600-micron fiber about a meter long for nearly a minute. Kawasaki Heavy Industries has delivered a 7.0 
kW beam through a similar fiber for over 10 minutes. 

Schäfer has collaborated with Brookhaven National Laboratory to set up a COIL optical fiber beam 
delivery and cutting test project, under the auspices of the Department of Energy International Proliferation 
Prevention (IPP) program. This program, which provides funding to former Russian weapon scientists, 
will provide funds to the Russian Sarov facility to use an existing COIL system to investigate optimal fiber 
optics beam delivery techniques and do a variety of cutting demonstrations relevant to dismantlement tasks. 

Schäfer is also working closely with the Intelligent Systems and Robotics Center at Sandia National 
Laboratory. They have developed robotics systems for dismantlement that can use a variety of end 
effectors. However, the full advantages of their sophisticated robotic control systems can only be realized 
with high average power laser beams that can be delivered via fiber optics. Fiber optics delivery is critical 
for such robotic systems to reduce the moments of inertia of the robotic arms and allow rapid and accurate 
movements. In addition, the fiber core diameters must be less than 1 mm so that the fiber is flexible 
enough to withstand small radii of curvature and thus allow more compact robotic systems. Although the 
robotic systems being developed at Sandia can use a variety of end effectors, high quality, high average 
power laser beams delivered via optical fiber would allow the rapid, precise cutting that is one of the key 
advantages of robotics. Many conventional tools would limit those natural advantages of robotics. 
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Table 1: Present Day LEO Launch Costs 

Requirements for Launching Payloads into Low Earth Orbit 
with a Ground-based Laser 
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ABSTRACT 
We present results of computer simulations of the launch through the atmosphere of a cone-shaped flyer which demonstrate 
that laser ablation rockets, using a 1MW ground-based laser, can lift 6kg payloads into low earth orbit. We discuss 
optimization of delivered mass, mass ratio and energy cost. 
Keywords: Laser propulsion, pulsed lasers, laser-produced impulse, laser ablation 

1. INTRODUCTION 
The way we now send things to space is very expensive. Present day costs of raising mass from the Earth's surface into low 

Earth orbit (LEO) with chemical rockets is at least $10,000/kg 
[Table 1]. This cost dominates all other considerations relating 
to spaceflight, limiting what we consider to be possible today. 
But it need not be so. In 1972, Kantrowitz4 suggested using a 
remote laser to heat a propellant and produce an ablation plasma 
jet for thrust, which is the principle of laser ablation space 
propulsion. 

Myrabo and Raizer5 and Myrabo et alß described an  air- 
breathing, laser-driven aerospike flyer or "Lightcraft". This flyer 
has a very specific design featuring light concentration near the 
rim  of a frisbee-like shape that provides  thrust  from  laser 
supported detonations in air. A pure-ablation version of this flyer 
has flown to altitudes of 39m using a =20kW laser7. Bonn8 has 
reported flying a wire-guided parabolic device to a height of a few 
m in the laboratory. Phipps and Michaelis9 showed that there is 

an optimum set of parameters for laser space 
propulsion which can reduce the  cost  of 
lifting mass to LEO 100-fold. This paper is a 
review of the problem of optimizing  the 
performance   of  laser-driven   Earth-to-LEO 
spacecraft. Our approach to the problem is to 
consider the three basic functions of light 
collection, light concentration and steering to 
be conceptually and physically separate, so 
that each can be optimized without arbitrary 
limits arising from coupling to the other 
functions, rather than from basic physics. 

2. LASER ABLATION 
PARAMETERS 

The momentum coupling coefficient Cm is 
defined as the ratio of target momentum 
mAv produced as the ratio of target 
momentum to incident laser pulse energy W 
during the ejection of laser-ablated material 
(the photoablation process). By convention, 
this ratio is expressed in mixed units: 

/-<      dyn-s/J (1) 

Launch System 
Minimum 

Cost (k$/kg) Ref. 
Rockot 10 1 
Shuttle 12 2 
Athena 2 12 3 
Taurus 20 1 
ISS, commercial 22 3 
Pegasus XL 24 1 
Long March CZ-2C 30 1 
Athena 1 41 1 
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Figure 1. Ratio of mass m delivered to low Earth orbit (LEO) to initial mass M, 
vs. exit velocity VTJ or specific impulse, in vacuum. For chemical rockets with 
Isp = 500s, long flights are disastrous for this ratio.but, for a very hot exhaust, 
such as is available with laser ablation, flight time doesn't matter very much. 
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w 
In the ablation process, Q* joules of laser 
light are consumed to ablate each gram of 
target material: 

Q*=— J/g- (2) 
Am 
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For a monoenergetic exhaust stream, 
given these definitions, and since 
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mAv = AmvE , 

momentum conservation requires 
the product of Cm   and   Q*   is 

(3) 

that 
the 

effective exhaust velocity vg of the laser 
rocket, independent of the efficiency 
with which laser energy is absorbed. 
This is simply related to the specific 
impulse Isp: 

CmQ* gl sp cm/s. (4) 

100 
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Figure 2. Cost in joules per gram delivered from the ground to a 200km altitude orbit 
against gravity in vacuum, versus exit velocity vE for various flight times. Long- 
duration flights to LEO require high exit velocity to be cost-efficient. 

In the following, we will describe a 
monoenergetic exhaust stream with 
velocity vE. Real exhaust streams have 
a velocity distribution, but the error 
associated with the monoenergetic 
approximation does not introduce large 
errors for laser-produced plasmas.6 

Energy conservation of energy prevents 
Cm and Q* from being arbitrary. 
Increasing one decreases the other. 
Using Eqs. (2) - (4), we see that 
several constant product relationships 
exist: 

2E7 T)AB = AmvE
2/W = Cm

2Q* = gCmIsp = CmvE. (5) 

In Eq. (5), T)AB ^1 is the efficiency with which laser energy W is converted into exhaust kinetic energy, and the factor 1E7 
occurs only because of the units in which the quantities are defined. Choosing combinations of Cm and Q* which exceed the 
limit expressed in (5) violates physics, since the errors involved in the monoenergetic approximation underestimate T|AB. 
The rate of mass usage is .       p 

— m = -r— 
Q* g/s (6) 

where P is laser power in watts, so, when considering Cm and Q* as design variables it is important to realize that the 
lifetime of the ablator increases with Q* and decreases very rapidly with increasing Cm: 

2E7ri    M 

AB 
= M/m   = 

MQ: 
'AB 

P pC2 

and increasing Cm to get more initial lifting power through the relationship 

= Vß (7) 

F = lvE = -mgIsp = PCm =ßMg 
(8) 

at launch from a given laser entails a serious penalty for ablator lifetime, because, from Eq. (7), TAB 
X
 1/Cm

2. Although a 
lot of mass can be lifted with high Cm, the ablator will be used up before reaching orbit (or the end of the mission). In Eqs. 
7 and 8, ß is the acceleration at liftoff. Since the maximum specific impulse of ordinary chemical rockets is about 500 
seconds, limited by temperatures available in chemical reactions, exit velocity vg > 5E5 (Isp > 5000s) is accessible only by 

laser ablation or some other non-chemical process such as ion 
Table 2. Comparison of Three Laser Wavelengths 
[Strehl = 0.5, range = 800km, 95-cm spot at range] 

Laser 1MW 
Available? Coupling 

Aperture 
dia. Db(m) 

Adaptive 
Optics 

ll.lum Yes Good 30 Minimal 

1.32um Maybe Good 3.7 Substantial 

530nm No Good 1.5 Difficult 

acceleration. Specific impulse ISp up to 8000s has been 
measured in KrF-laser ablation of aluminum6. It is clear that 
there may be optimum values of Cm, Q* and their product vE 
for launch into LEO, given a desired outcome. The three 
outcomes evaluated are: a) Lowest possible cost C=W/m 
(J/g) of mass delivered to LEO, b) Maximum mass m 
delivered to LEO independent of cost C and ground mass M, 
and c) Maximum ratio m/M of mass surviving to LEO to 
ground mass M, regardless of cost. 
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3. OPTIMIZATION INCLUDING VACUUM AND GRAVITY 
For a laser ablation rocket, the rocket equation is 

m. 

M =rexp K^)] (9) 

where M is the initial mass, n^ is the mass inserted into orbit, g the acceleration of gravity (constant near Earth), tj the 
time from launch to insertion, VE is exhaust velocity, Av = vi is the net change in velocity required for the flight, and T is 
a factor related to insertion efficiency which is never larger than 1.02 in practical cases. Eq. (9) shows that, in vacuum, 
optimizations (a) - most mass delivered to orbit and (b) - the best ratio of mass in orbit to mass on the ground is achieved 
for VE = °°, or Cm = 0 [Figure 1]. To treat optimization (c) - the energy cost optimization in vacuum - we note that the 
laser energy W expended in the flight is, by definition, 

W = AmQ* = Am vE /Cm 

Energy cost for a laser-driven flight in space is defined as joules per gram of mass delivered at the end of mission: 
W       rCl-mj/M)! vP r      /Av + gtlN 

mT~ »r L (mj/M) JQ  cmLexn vE ; M 

(10) 

(11) 
There is an optimum exhaust velocity VE for which the 
cost C is minimized. To find it, let x = VE, b = 2E7 
T|AB> and a = (Av+gt)£ so that Eq. (11) becomes 

x 
~b 

C = ^-[exp(a/x)-l] (12) 

Then setting dC/dx = 0 gives an optimum value of a/x: 

(13) 

(14) 

Venetian Biind 
Reflectors Correct 
Incidence Angle at 

Orbit Injection. 
Help Siecr Craft 

Y- 

Lasasr Beam 1 MW incidenr beam power Laser Beam 
I40W;-cm2 . 95 % inlerccption efficiency MOW.cm1 

 D = 95cm   i 

Figure 3. Flyer concept requires 3kW/cm (average) on ablator for 
takeoff thrust. "Venetian blind" reflectors correct incidence on 
Fresnel lens during flight, help steer craft by shifting illumination 
on ablator. Some steering provided by gimbals. "P/L" is 5.61kg 
true payload. Maximum 140W/cm2 on Fresnel lens with a 1MW 
laser beam sets 95cm diameter. "Heavy" 20-kg, flyer is illustrated. 

a transcendental equation for which the solution is: 
a     /Av + gt 
- = ( )  = 1.59362 
x     V    vE    / 

Eq. 14 is a result obtained for standard rockets by 
Möckel10 in 1975. In the absence of gravity or for short 
flights to LEO such that t«800 seconds [Av = 7.8E5 
cm/s], the optimum exhaust velocity vE = 0.6275Av = 
4.9 km/s. Given Eq. (5), the corresponding coupling 
coefficient for optimum energy cost in this circumstance 
is Cm0pt = 41T|AB dyn-s/J. Plasma temperature adequate 
to produce this VE are achievable by pulsed lasers and, 
with difficulty, by CW lasers. From Eq.(9), the payload 
ratio at this optimum a/x is m/M = 0.203, however long 
the flight takes, so long as (Av+gt)>0 and bearing in 
mind that VE and energy cost both have to adjust upward 
as t increases to maintain a/x at its optimum value. For 
comparison, m/M for the Shuttle is 0.0479, considering 
the entire Shuttle plus a 55,000 lb. payload to be the 
mass m. Figure 2 shows the predictions of Eq. (11), 
illustrating how steeply the cost penalty rises on the low 
side of the optimum value for ve, and how the optimum 
shifts to larger VE for longer flights. Figure 2 shows that 
low velocity to orbit entails a penalty for mass delivery 
and energy cost. On the other hand, high velocity in the 

atmosphere leads to unacceptable drag losses. There is an 
additional optimum to find - for velocity - in the lower 
atmosphere. We developed an analytical solution for this 
optimization. We also developed a computer code to simulate 
flights through the atmosphere using the optimum velocity 
profile.12 

4. THE FLYER 

Figure 3 shows the cone-shaped flyer design we employed for 
simulations. A cone shape was chosen for the flyer because drag 
coefficients are well known for that shape. This choice also 
facilitated optimization of diameter to length (D/L) ratio. The need 

Table 3. Launch Procedure 
l.Startat30-35km 
2.Initial acceleration 1 - 2G's - not more- to avoid 

unnecessary drag and approximate the conditions on a 
and ß dictated by the optimization. 

3.Start at 90°  elevation  angle   (vertical   flight)   until 
radial velocity vr = 0.3 km/s, then gradually roll over 
to 50 - 60°until vr - 1.2 km/s. 

4.Turn off the laser, coast down to \f= 0.8 - 0.2 km/s, the 
magnitude depending on Cm. 

5.Rotate flyer to horizontal 
6.Reapply laser to reach orbit insertion with vr = 0. 
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for this optimization arises from the competing interests of 
reducing drag - minimized for a slender flyer - and 
maintaining the center of thrust ahead of the center of drag, 
a choice which leads to a short, squat shape. 

5. FLIGHT SIMULATIONS 
We simulated flights of a 20-kg "heavy" flyer and a 10-kg 
"light" flyer. The heavy flyer is very efficient but requires 
more than one laser station along its route because of 
unfavorable elevation angle with respect to a single station 
at the end of powered flight. The light flyer is less efficient 
but gets to LEO quickly with good elevation angles. 
Dramatic advantages accrue from launching laser driven 
rockets bound for LEO from an initial altitude of 30 - 
35km as illustrated in Figure 4. One relatively 
inexpensive way of doing this is to use a high altitude 
balloon as a launch platform. Reaching 35km altitude in 
this way is not difficult. Table 3 shows the launch 
procedure used in flight simulations. Figure 4 (upper) 
shows how the collection of simulated flights support the 
theory for optimizations a), b) and c) - that is, mass, mass 
ratio and cost. Mass delivered to orbit independent of cost 
optimizes at Cm = 20 in air. This is somewhat different 
from results of vacuum theory [see discussion at Eq. (15), 
in that the optimum Cm has shifted to a lower value, 
corresponding to the requirement for a higher Q* to permit 
taking more time to move through the lower atmosphere 
so as to avoid unacceptable drag losses. As predicted by 
theory, the ratio m/M is optimized for the lowest possible 
Cm [corresponding to the highest exhaust velocity or ISp], 
Figure 4 (lower) shows that the results of simulated 
flights compare well to vacuum cost predictions. 

6. CONCLUSIONS 
We have shown that a 1MW laser can deliver 6kg to low 
Earth orbit in about 700 s. With optimum flight profiles, 
it costs about 100kJ/g to put mass in LEO. Other work 
supports this statement9. 
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different values of Cm. As theory predicts, m/M maximizes at 
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the Cm chosen. Launch altitude =35km, D=95 cm. 
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Artistic processing on acrylic materials using a segmented pixel drawing 
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ABSTRACT 
There have been various processing methods such as marking, masking, and rapid prototyping system have been typically 
known as an attractive application of high power laser based on single stroke drawing. 

We have proposed a segmented pixel drawing (SPD) method which creates a surface by laser in a segmented pixel-base, 
in which various surface effects can be given such as fluent, opaque, and rugged tones. This can be referred to as a digital 
way of display. 

Experiments of SPD method were performed on acrylic surfaces by the pixel processing base with a pixel size of 
2mmx2mm. The pixel patterns in this study were variously demonstrated by means of the varied density of the dot-matrix. 
From the degree of transparency of produce SPD pixels, visual effects of surfaces were analyzed to evaluate gray-scaled 
tones of produced pixels. The proposed method based SPD would offer a new possibility to realize more sophisticated 
sculpture on acrylic surfaces supported by visual effects using image information. 

In addition to the SPD, coloring on acrylic surfaces has been successfully made using the C02 laser. This coloring 
process was performed based on a heat effect due to C02 laser irradiation on acrylic materials, the surface of which was 
exposed with a dye-containing liquid sheet flow. 

Keywords: Slab C02 laser, Scanning system, Laser processing, Artistic sculpture, Pixel drawing, Coloring for acrylic board, 
SPD method 

1.   INTRODUCTION 
Many methods of sculpture using a laser which are based on marking, masking11, and rapid prototyping system21 are 
presently well known. These have some features such as a processing capability of the large area and high accuracy, high 
efficiency of the processing time, and the processing of three dimensions. These methods have an inconvenience to handle 
pixel data of images. In this study, we propose a method named segmented pixel drawing31. The segmented pixel drawing 
method is an attractive processing method which can demonstrate image expression corresponding to pixels of the image 
data. In this method, a sculpture surface to be presented is created by laser in a segmented pixel-base in which various 
surface effects are given such as fluent, opaque, and rugged tones. This can be referred to as a digital way of display. A 
coloring method for acrylic board surfaces using a C02 laser has also been proposed. 

2.   THE SEGMENTED PEKEL DRAWING METHOD 
Segmented pixel drawing (SPD) method has been proposed in our laboratory to produce a variety of surface presentation 
effects for sculptures. For this method, a high speed x, y, and z-beam scanner has been introduced with a slab, RF excited 
C02 laser to produce focused / defocused beam conditions. The operational mode of the slab laser producing about 30~100 
W of the averaged powers are also controlled in terms of the frequency and duty cycle together with the scan speed of the 
scanner system. The laser beam is scanned in such a way to produce a pixel consisting of dots pattern on a processing field. 
Using these systems, various shapes and tones of surfaces have been successfully explored to make more artistic sculptures. 

3.   COLORING ON ACRYLIC BOARDS 
It has been interestingly found that acrylic surface can be colored with C02 laser irradiation. When the laser beam is 
scanned with a proper scanning condition on an acrylic material surface on which a thin liquid layer containing a dye is 
flown, only a laser irradiated region can be interestingly colored by the heat effect due to laser beam. Acrylic materials can 
be usually colored by being immersed in a heated dye-containing liquid bath whose temperature is more than about 50°c. 
With the aid of laser heating proposed in this study, flexible color printing would be demonstrated when more detailed 
coloring conditions are found associated with the scanning parameters and dye liquid flow. 
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*Graduate student 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power Laser Conference, 
Antonio Lapucci, Marco Ciofini, Editors, Proceedings of SPIE Vol. 4184 (2001) 575 
©2001 SPIE0277-786X/01/$15.00 



4.   EXPERIMENTAL SETUP AND PROCEDURE 

4.1. Experimental setup of laser process 

Figure. 1 represents an experimental setup. A personal computer controls the RF power supply, Z axis lens, and X-Y axis 
mirrors through a scanning controller. The RF power supply can be controlled in terms of the duty cycle and the frequency. 
The averaged power of laser is affected by these parameters. The Z-axis lens controls focus / defocus conditions, whereas 
X-Y axis mirrors controls the scanning pattern and speed. We used an RF excited, slab carbon dioxide laser which is a very 
compact laser medium with a very good beam quality developed in our laboratory41. The attractive features of the slab C02 

laser can be found in the capability of producing a moderate power level of 100-200 W with a high beam quality from a 
compact laser head. The laser system using our experiment consists of an RF power supply which is capable of producing a 
maximum RF power of 2 kW at 100 MHz, an laser head made by aluminum, a gas handling system that pump out an air and 
supply a mixed gas of C02, N2 and He in a rate of 1:1:3 in the laser head, a cooling system using water, and personal 
computer with a control electronics which measures and controls for these above mentioned systems. 

Processed object 
X axis motor and mirror 
Y axis motor and mirror 
Zaxis liner translator and lens 

Laser head 

\Laser beam 

Control data t— 
Fpcus/Defbcus 

Scanning pattern / Scanning speed 

4} p 
Personal computer 

Durv- cycle / Frequency 

□ □□ 
□ □□ 

r     □ D D 

RF power supply 

Scanning controller 

Figure 1. Experimental setup for laser processing 

4.2. Optics 

Optics and the focus / defocus conditions are illustrated to Fig.2. Laser beams from the laser head pass through a beam 
splitter, cylindrical lens, Z axis convex lens, objective convex lens, X axis mirror, and Y axis mirror, toward target object to 
be processed. The Z axis lens, which moves along the optical axis in the range of 10 mm at maximum so as to controls 
diameter of laser beam on the target. The beam waist of the focus varies in the position of the z axis lens. The maximum is 
0.34mm, and the minimum is 0.17mm. 

Figure 2. Optical concept of focus and defocus 
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4.3. Preliminary experimental setup of coloring on acrylic boards 

Figure.3 represents an experimental setup of coloring for acrylic boards. Temperature of the dye liquid was set up at about 
40°c. The concentration of the dye was about 15%. A pump was used to circulate the dye containing liquid on an acrylic 
material to be colored in the form of a thin liquid sheet. The dyes used in this experiment were of blue and black colors. A 
defocused beam with about 23 W/cm2 of the total laser power was scanned with the defocused beam spot of a 7mmx9mm 
oval shape. This beam was scanned along a 9x9mm-square with having a proper heating condition for the preliminary 
coloring experiments. In this experiment, coloring has been obtained with the laser exposures of 2, 4, and 6 min. during 
which many of the square scanning was repetitively performed with a scanning speed of 2.1 second per one square. 

Acrylic board 
Pump  
Dve 
Laser head 
Laser beam 
X axis mirror 
Y axis mirrort 

Figure 3. Preliminary experimental setup of coloring on acrylic boards using a C02 laser 

5.   RESULTS AND DISCUSSIONS 

5.1. Gray-scale of pixel patterns 

A 10-gray-scaled pixel representation by the SPD method is shown in Fig.4. The experiments method were performed on 
acrylic surfaces by the pixel processing base with a pixel size of 2mmx2 mm. From the degree of transparency of produce 
SPD pixels, visual effects of surfaces were analyzed to evaluate gray-scaled tones of produced pixels. The pixel patterns in 
this study were variously produced by means of the varied density of the dot-matrices which are 7x7, 9x9,13x13, and 
17x17. A distance between the dots in one pixel is uniform. The power of one dot is varied by the pulse frequency and the 
duty cycle of the laser. The processing time of a single pixel was less than 1.2 seconds. The degree of transparencies were 
demonstrated as a 10-gray-scale, depending on the combination of such pixel parameters as the number of dots, the power 
of one dot, and the processing time. 

Obverse: 

Reverse: 
fe1  ■■<■          » 

■                       ~ :»ngi:ii::;'.::::-.'.:.uHrt,V';::::::: 

Degree of transparency [%] 100 98 96 93 90 87 84 79 73 71 

Number of dots 0 289 169 81 81 81 81 81 49 81 

Power of one dot [J] 0 0.014 0.016 0.02 0.03 0.05 0.07 0.14 0.33 0.24 

Processing time [second] 0 0.3 0.2 0.1 0.2 0.4 0.4 '1.2 0.9 1.2 

Figure 4. Experimental results of SPD method 

5.2. Processing sample 

Figure.5 shows a processed sample which was processed using a 10-gray-scale of SPD method. The 10-gray-scale picture is 
created based on an original image of 256-gray-scale image data. The picture of SPD results is sculptured by 28x28 pixels. 
In this way, SPD method can make visual effects that might be difficult to be made by conventional processing method. 
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Figure 5. Sample of the SPD method 

5.3. Results of coloring on acrylic boards 

Figure.6 shows preliminary experimental results of coloring for acrylic boards. From these results, it is understandable that 
the longer the laser exposure time on the acrylic boards, the deeper they were colored. In this experimental condition, 
coloring in black seems to be more efficiently made than in blue. The surface of acrylic boards was not abraded but was 
colored by laser beam. Because of the use of the defocused beam and the non-uniform liquid layer in its thickness, the 
obtained results of the coloring shown in Fig.6 shows the lack of coloring uniformity. These problems will be improved by 
finding a proper condition for the preparations of uniform this liquid layer and the laser irradiation techniques. Using this 
coloring principle, flexible laser coloring will be realized. 

2 min.              4 min.               6 min. 

 
1 

24
m

m
  
  
 "

: 

:"        24mm      "": 
Figure 6. Preliminary experimental results of coloring on acrylic boards using the C02 laser 

6.   CONCLUSIONS 
In this study, we proposed the new methods of the sculpture using a C02 laser. With the SPD method, the processing which 
directly uses the image data is possible. The proposed method based on the SPD would offer a new possibility to realize 
more sophisticated sculpture supported by visual effects using image information. Coloring process was successfully 
performed based on a heat effect due to C02 laser irradiation on acrylic materials. It is interesting that the acrylic boards 
were colored on their surfaces without surface abrasion. It will be possible that the acrylic boards could be colored in a more 
impressive way by laser scanning corresponding to the color data of pictures. Combining the SPD method and the coloring 
technique, more sophisticated acrylic sculpture could be demonstrated which is one of exploitation of laser processing 
application. 
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ABSTRACT 

This paper reports the results obtained by using a measuring system concerned automatically residual stress by Hole- 
Drilling Strain Gage Method, in depth, on thin stainless steel sandwich structural panels all laser welded. Different 
corrugated cores, core geometries (usually trapezoidal ones), face thickness, welding parameters and methodologies (spot or 
continuous ones) have been carried out. 

Keywords: sandwich structural panels, laser welding technology, metal sandwich technology, welded steel panels, all laser 
welded honeycomb structures, corrugated cores steel panels, residual stresses, hole-drilling method. 

1. INTRODUCTION 

This paper reports the results obtained by employing materials such as austenitic stainless steel (AISI 304) sheets, with 
different face thickness and core geometries, usually some trapezoidal ones. 
A ROFIN SINAR C.W.C02 laser has been used as a fast axial flow source and a continuous wave 1500 W max power level 
to weld the many bases of the corrugated cores to the external faces has been utilised. 
Four different constructional solutions, for the preparation of some new modular structural elements, with one or two beads 
for each welded base, have been experimented. 
Each modular structure has sizes 300 mm wide, 700 mm length and 60 mm height. 
After studying many different mechanical clampings, the best one has been realised. So, eight different constructional 
solutions and different operative sequences of the welds have been made. 
All this for evaluating the effect of the weld sequence on the distortion of the panel and for obtaining different localisation 
of the residual stresses on the structural element. A measuring system concerning the automatically evaluation of residual 
stress distribution in depth by Hole-Drilling Strain-Gage Method is presented. The system makes it possible to use 
innovative test procedures, that allows measuring errors to be reduced, more complete results and test repeatability. 

2. EXPERIMENTAL APPARATUS 

2.1 Restan system 

The system represents an evolution in the equipment available today for evaluation of residual stresses with The Hole- 
Drilling Strain Gage Method. It is a semi-destructive technique, in which residual stresses are evaluated by measuring the 
relaxation in the inspected area, which take place consequent to the drilling of a blind or a trough hole. The objective 
achieved with this system is that of simplifying, automating and computerizing a certain number of operations employed in 
the strain gage rosette method for which operator action was previously indispensable, and thus providing easy and 
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complete control of testing. In particular, the operations having the greatest impact on accuracy and reliability of evaluation 
of residual stresses have been taken into considerations, among them: 
• centring of the drilling axis with the centre of the strain rosette 
• automatic identification of the dimension of the hole at the start of drilling and measurement of the depth of the hole at 

each drilling step 
• automatic drilling of the hole with specified increments and measurement of the relaxed strains 
• measurement of the diameter of the hole and its eccentricity, if any. 
The automation and simplification of these operations offers significant advantages, the most important of which is that it 
enables numerous strain readings to be made with great precision, in the depth of the hole. This requisite is indispensable for 
measuring the behaviour of residual stresses through the thickness of the specimen. 
Another innovative characteristic is the "overhung" architecture of the system, allowing it to be utilized on components or 
structures where access to all sides is impossible. 

Filler/ 
Prtaaura 
Raducar 

All Supply 
(5 bur) 

Mechanical and 
Optical Device 

■rf3- 

Desktop computer 
(Option 1) 

Glroln Qaupa Roaatla 

Stepping Motof Cabla 

Contact Cabla 

Electronic Control Dovice 
L»IH' 

TZ_ 

KiWlt 
■OAftD 

EE3 

A A A 

Analog Strain 
Gauge Amplifier: 

RESTAN System Fig.2 Strain gage adopted 

Fig. 1 Instrumentation layout 

The system consists of: 
• Equipment for positioning and drilling (Mechanical and Optical Device) 
• Control unit (Electronic control unit) 
• I/O card PC-LPM-16 produced by National Instrument 
• Three channel analog strain gage amplifier 
• Filter /Pressure reducer 

2.2 Strain gage 

For strain relaxation measuring during drilling step, a Micro Measurement strain-gage rosette has been chosen. Its 
designation is: CEA-06-062UM-120. It is a specific for residual stresses measuring rosette, with three grids disposed at 0° 
45° 90° and 0.62" long. The grids centreline diameter is 0.202". The 0° 45° 90° rosettes are more sensible to eccentricity of 
the hole, if any and as a consequence can give more measuring errors. However, it has been chosen to adopt this kind of 
rosettes, because it was necessary to measure at proximity of very narrow welding beads. 
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3. THE MATERIALS: ALL LASER WELDED SANDWICH MODULAR PANELS 

These are sandwich modular panels realized with austenitic stainless steel AISI 304, all laser welded with structural 
properties, realized under the growing demand of structural elements which combine strength and lightness. In particular 
these panels were designed and realized to be utilized principally in civil and high speed transports field, in naval offshore 
platform field and for the production of railway wagon flatcars. The laser welding of thin ferrous rolled sections seems to 
be of higher quality than conventional ones (TIG, MIG, arc welding, etc). The welding process is of autogenously kind with 
a limited and localized specific thermal supply. So it allows obtaining weldments with high quality and dimensional control 
without any next finish machining. At first, some different geometrical solutions have been set, in any case panels was 
formed by two external steel plates, with different thickness and by an internal element, always a steel plate, with 

trapezoidal geometry. Then, actual arrangement has been reached. About the 
assembling process, all the parts of the panel are joined through laser welding. 
Also in this case, many alternative solutions have been set. 
Panel dimension are: width - 300 mm, length - 700 mm, height - 60 mm. About 
the internal element, the trapezoidal shape is obtained by knife-forming. 
For the panel welding, a C02 laser source has been utilized. It emits an infrared 
radiation with 10.6 mm wavelength. The interaction between the focused laser 
beam and the metal surface produces melting and a partial and very low 
material   vaporization originating a welding bead with a section similar to a 
"nail". Welding of this kind need no weld material and generally show a limited 
Heat Affected Zone. In this case the HAZ does not exist at all, Fig. 3 Geometrical shape of the panels 
because the material is an austenitic stainless steel. 
Eight different constructive-technological solutions have been set, and as many 
prototypes have been carried out, in order to minimize mechanical strain 
induced by residual stresses, due both to welding process and panel geometry. 
Principal differences between the different prototypes are due to the welding 
kind (continuous or spot, single or double bead). Other is due to welding 
process parameters (penetration speed and depth), at the end to the welding 
sequence. So flat modules with on sight welding (full penetration) and modules 
with not on sight welding (partial penetration) have been produced 

1.5 nh 

4. EXPERIMENTAL TESTS 
Fig. 4 Example of sandwich panel 

The residual stress analysis regarded a part of a panel (figure 5). Ten strain- 
gage rosettes have been applied on the 2mm thick surface, 7 in proximity of the 
7 beads and the others between the first beads. The rosettes have been 
positioned in such a way that hole was tangent to the bead (figure 6). 

4.1 Test execution 

First of all, it is necessary to provide to the precise positioning of the drilling 
device with reference to the rosette. This step is very important, in order 
to minimize eccentricity that can affect experimental errors. It is carried out 
through a monocular microscope of which the device is equipped. The precision adjustment is carried out through two 
slides. The automatic setting of the end mill on the piece surface completes the positioning. At this point regulations on 
strain gage amplifiers have to be done. An half bridge configuration has been used, which presupposes the presence of a 
strain gage rosette to compensate for. Therefore a rosette equal to the others has been applied on a panel of the same 
material, positioned in the proximity and, when possible, in contact with the specimen which have been tested, just to 
eliminate any possible errors due to the difference of temperature. In this phase, on each of the three channels, the gain must 
be set and it goes on to a rough balance by the potentiometers positioned on the front panel. 

Fig. 5 Specimen used for measurements 
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Fig. 7 A view of the Restan system 

Once the test parameters have been set, via software, (hole depth, number of steps and feed speed), the programme 
automatically requires the balance and launches the specific routines, at the end of which, the test starts. It is also possible to 
choose an automatic procedure and in this case, at the end of each drilling step, after a proper delay reading of the strain of 
the three strain gages is done. 
The parameters used for the execution of all the tests are: 

• Hole depth: 2 [mm] 
• Number of steps: 40 
• Steps distribution: constant 
• Feed speed: 0,1 [mm/min] 

Throughout the test, a file is continuously updated with the values of the measured strains. At the same time, on the screen, 
a diagram, which sketches the trend in real time of the strain values, is visible too. After the last drilling step, the system 
stops automatically. At this point to complete the experiment, it is necessary to measure with the microscope the dimensions 
of the hole, thank to which the programme calculates automatically the value and the angle of eccentricity. 

4.2 Determination of residual stresses 

At the end of the test, it is necessary to launch the programme, which evaluates the strains, and then call back the file 
generated during the test. Different methods are available for calculating residual stresses: ASTM E837, Integral and Power 
Series. For what concerns the ASTM method, it presupposes the constancy of the stresses along the thickness. Selecting this 
method, the programme determines automatically the two curves (e3 + ei) e (E3 - £]) on the base of the values measured, and 
compares them with those expected by the standard ASTM, if the difference is greater than ±3 % the message non uniform 
stress field appears, which means that the method is not applicable. In all our tests, it hasn't been possible to use this method 
because the stresses were variable along the thickness. So that Integral Method and Power Series Method have been used. 
To be able to use these two methods, it is necessary to define the number of the calculation steps, the calculation depth and 
the order of the interpolating polynomial. About the order of the interpolating polynomial, it has always been used the 
option optimised that selects automatically the optimal order of the polynomial. Instead, about the number of calculation 
steps, with the Integral Method, 4, 5 or maximum 6 steps have been used depending on the different case, in fact the method 
results badly conditioned for greater number of steps. Using the Power Series Method, we have always considered 20 steps. 
For what concerns the maximum depth of calculation the Integral Method doesn't permit to overcome the value of 1 mm, 
while the Method of Power Series, in the specific case, has permitted to calculate the stresses along the whole depth of the 
hole. 
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5. RESULTS AND DISCUSSION 

The results have been reported as a comparison between Integral and Power Series methods. In particular the graphs report 
the values, at 1 mm in depth, of the longitudinal, transversal and ideal stresses. Under the graphs a sketch of the specimen 
has been represented, in order to make easier its comprehension. The BETA angle values are reported too. Observing the 
vectors of the principal stresses, it appears that for all tests the BETA angle revealed is of about ± 45 ° refers to the grid 1 of 
the rosette. This means that the directions of principal stresses are practically parallel or perpendicular to the bead direction, 
with the only exception of the bead III. The stress values existing near the beads appear to be high. In particular the 
longitudinal stress values, assumed near the beads IV, V and VÜ*, reach the yield stress value, that for this kind of steel is 
about 250 MPa. 
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In the figure 8, the strain measured and Beta angle as a function of the hole depth are reported. The figure 9 then, shows the 
graph of the stress calculated as a function of the hole depth. The figure 10 shows the vectors a,^ and amin and the Beta 
angle they form with the direction of the grid 1 of the strain gage at the depth of 1,50 mm for example. All the figures 
represent an example of the outputs of the REST AN System. 

6. CONCLUSIONS 

On conclusion, at the end of this work, the test of this sandwich panel, type TETA, has demonstrated that on this panel high 
residual stresses are present. As residual stresses assume different values along the material thickness, then the stress 
evaluations were carried out by using both the Integral and the Power Series Methods that have shown no particular 
differences. On the light of the all above referred, it is necessary to realize the TETA panels by using some other different 
constructional method and laser welding sequences. 
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ABSTRACT 
Ablation of cubic-boron nitride (c-BN) and hexagonal-boron nitride (h-BN) ceramics irradiated with Ti:sapphire laser 
(llOfs) and Nd:YAG laser (lOOps) pulses is studied. The relationship between ablation rate and laser fluence for the 
Nd:YAG laser shows a semi-logarithmic formula for c-BN and h-BN, and also the ablation rate of h-BN by Ti:sapphire 
laser is observed similar to that by the Nd:YAG laser, except that of c-BN. It is found that there are two different regimes of 
ablation rate for c-BN as same as metals by Ti:sapphire laser ablation. In addition, it is found from XPS analysis and SEM 
observation that the area ablated with Ti:sapphire laser shows the BN surface unchanged and has no evidence of melting. 
These results are different from the ablated surface with the Nd:YAG laser. In short, the microscopic processing of BN 
ceramics using femtosecond Ti: sapphire laser shows little heat effect and keeps the chemical composition of the ablated 
surface unchanged. 

Keywords: Laser ablation, cubic-boron nitride, hexagonal-boron nitride, nitride ceramic, Ti:sapphire laser, Nd YAG laser, 
femtosecond laser pulse, non-thermal ablation 

1. INTRODUCTION 
Boron nitride (BN) ceramics is an excellent electric insulator. In addition, it is a thermally and chemically stable material. 
The BN system is analogous to the carbon system in many aspects. For example, there are cubic-boron nitride (c-BN), and 
hexagonal-boron nitride (h-BN). The former has a hard zincblende structure with cubic symmetry, and the latter is breakable 
because of its structure like graphite. Thermo-physical properties of c-BN and h-BN ceramics are listed in Table 1. The c- 
BN and h-BN have larger thermal conductivity than aluminum oxides (A1203), which is generally used as a heat sink 
material in electrical industry. Moreover, these have thermal expansion constants close to silicon, high resistivity and low 
dielectric constant. Therefore, if microscopic processing of c-BN and h-BN is possible, these materials can be applied to 
heat sink for high power devices. 

Table 1 Thermo-physical properties of ceramics. 
c-BN h-BN A1N A1A 

Thermal conductivity [W/cmK] 6.0 0.8 2.2 0.3 

Expansion constant [xlO-* K"1] 3.7 5 4.5 10 

Dielectric constant [at 1MHz] 6.5 3.1 8.5 9-11 

There are many papers about laser ablation of BN, but most of those are to fabricate BN thin film by physical vapor 
deposition (PVD) and pulsed laser deposition (PLD) using C02 laser, KrF excimer laser and Nd.YAG laser.'"3 In addition, 
the fabrication of thin film BN ceramics4 and the ablation of BN ceramics with C02 laser5 are reported. In this paper, we 
report the ablation characteristics of c-BN and h-BN ceramics irradiated with Ti:sapphire laser (llOfs) and NdYAG laser 
(lOOps). Comparison of c-BN and h-BN ceramics ablated with between fs-laser and ps-laser is mainly investigated. 

The BN chemical decomposition process can be described as bellow: 

BN(s) -> B(g) + N(g) + AH (303.4 kcal/mol), 
BN(s) -► B(g) + l/2N2(g) + AH (190.9 kcal/mol), 
BN(s) -> BN(g) +AH (172.3 kcal/mol), 
BN(s) -♦ B(s) + l/2N2(g) + AH (59.3 kcal/mol). 

(1) 
(2) 
(3) 
(4) 
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Here, (s) and (g) represent solid and gas phase, respectively. If decomposition process (3) can be induced, the chemical 
composition on the ablated surface will be unchanged. Hence, the characteristics of BN on the ablated area can remain. If 
reaction (4) is prevailing, the chemical nature of the ablated surface will change. 

2. EXPERIMENTAL SETUP 
In our experiments, we use two kinds of lasers as femtosecond (1 lOfs) and picosecond (lOOps) pulsed laser source. One is a 
commercially available Ti: sapphire laser (Tsunami, Spectra Physics), with a chirped pulse amplification (CPA) system 
(Split-fire, Spectra Physics) pumped by a second harmonic of Nd:YLF laser at a 1 kpps repetition rate (Merlin, Spectra 
Physics). This laser system finally delivers pulses with a pulse energy of 0.46 mJ/pulse, a pulsewidth of 110 fs, a center 
wavelength of 790 nm and a repetition rate of 1 kpps. The pulsewidth and energy are measured to use the intensity 
autocorrelator and the power meter, respectively. The number of laser pulses for ablation is controllable with a mechanical 
shutter. Another is a commercially available Nd.YAG laser (Model AML OSC, Lumonics), with amplification systems 
(Model AML AMP1 and AMP2, Lumonics). The obtainable energy, a pulsewidth, a wavelength and a repetition rate are 
13.8 mJ/pulse, 100 ps, 1064 nm, and 10 pps, respectively. The pulse counter in the laser system and the joule meter are used 
in order to measure the number of laser pulses and the pulse energy. 

In both experiments of Nd:YAG laser and Tirsapphire laser ablation, we use neutral density filters to control the pulse 
energy. For all experiments of laser ablation, the c-BN and h-BN ceramics are ablated in air with a given fluence, which is 
focused by the 500 mm or 80 mm focal-length fused silica convex lens. The ablated surface is observed with FE-SEM (field 
emission-scanning electron microscopy, Hitachi Ltd. Model S-4700) and analyzed by XPS (x-ray photo-electron 
spectroscopy, JEOL Ltd. Model 9000-MC). 

3. EXPERIMANTAL RESULTS AND DISCUSSION 
First, we measure the depth of the ablated hole with several fluences in order to determine the ablation rate of c-BN and h- 
BN ceramics. Shot number averages the ablation rate per pulse using over 300 shots. Figure 1 shows the laser fluence 
dependence of ablation rates for c-BN and h-BN ceramics with Nd:YAG laser. In case of Ti:sapphire laser, the ablation 
rates of c-BN and h-BN ceramics are similarly measured, as shown in Fig.2 It is seen from Figs.l and 2 that the laser 
fluence logarithmically increases with the ablation rate of h-BN ceramic in both cases of Nd:YAG laser and Ti:sapphire 
laser. While, the ablation rate of c-BN ceramic is similar to that of h-BN ceramic for Nd:YAG laser, but not for Ti:sapphire 
laser. In the case of Ti:sapphire laser, the two ablation regimes have previously been found in metal ablations6,7 because the 
thermal conductivity of c-BN ceramic is as high as those of metals. On the other hand, two ablation rate regimes of h-BN 
ceramic are not found presumably because the thermal conductivity of h-BN ceramic is not as high as that of c-BN ceramic. 
The ablation threshold fluence of h-BN ceramic by Ti:sapphire laser and Nd:YAG laser estimated from the experimental 
results are 0.0489 J/cm2 and 0.104 J/cm2, respectively. In addition, that of c-BN ceramic for Ti:sapphire laser in the two 
regimes is estimated to be 0.0158 J/cm2 and 0.182 J/cm2, respectively, and it is 0.0815 J/cm2 for Nd:YAG laser. 
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Next, we perform the SEM observation of the surface ablated with Nd:YAG laser and Ti:sapphire laser. Figures 3 (a) and 
(b) show the SEM photographs of h-BN ceramic surface ablated by Nd:YAG laser and Ti:sapphire laser with laser fluences 
of 14.6 J/cm2 and 5.32 J/cm2, respectively. And c-BN ceramic surface ablated by Nd:YAG laser and Ti:sapphire laser with 
laser fluence of 14.6 J/cm2, 0.183 J/cm2 (low fluence regime of Ti:sapphire laser) and 5.32 J/cm2 (high fluence regime of 
Ti:sapphire laser) is observed by SEM, as shown in Fig.4 (a) ~ (c). respectively. As can be seen in the both cases of c-BN 
and h-BN, while the melted trace around the hole ablated with Nd:YAG laser is observed, however, there is no evidence of 
the molten area or no direct ripple structure on the ablated surface is observed for Ti: sapphire laser. As be seen in Figs. 3 and 
4, in both cases of Nd:YAG laser and Ti:sapphire laser ablation, very pure ablation and sharp well-defined hole can be 
ablated on the c-BN and h-BN ceramics. In this way, the melted trace is found in case of Nd YAG laser which has a 
pulsewidth of 100 ps, but not found with 110 fs-Ti: sapphire laser ablation. This difference depends on the relationship 
between laser pulsewidth and the electron-lattice relaxation time. 

Figure 3 SEM photographs of the ablated surface of the h-BN ceramic with (a) 100 ps Nd:YAG laser and (b) Ti:sapphire laser. 
The laser fluence is (a): 14.6 J/cm2 for Nd:YAG laser, and (b): 5.32 J/cm2 for Ti:sapphire laser. 

(a) (b) (c) 

Figure 4 SEM photographs of the ablated surface of the c-BN ceramic with 100 ps Nd:YAG laser and 110 fs Ti:sapphire 
laser. The laser fluence is (a): 14.6 J/cm2 for NdYAG laser, (b): a low fluence of 0.183 J/cm2, and (c): a high fluence of 5.32 
J/cm2 for Ti:sapphire laser. 

Finally, we perform the XPS analysis of the ablated area of c-BN and h-BN ceramics to investigate whether the boron layer 
is formed or not in the three fluence cases of Nd:YAG laser and Ti:sapphire laser (low and high fluence regimes). The three 
laser fluence of Nd:YAG laser and Ti:sapphire laser (low and high fluence regimes) are 4.88 J/cm2, 0.183 J/cm2 and 5.32 
J/cm2, respectively, in both cases of c-BN and h-BN ceramics. Figs.5 (a) and (b) show the binding energy of B(ls) on the h- 
BN ceramic surface ablated with Nd:YAG laser and Ti:sapphire laser, respectively. It is observed from Fig.5 that while the 
B(ls) peak spectrum of the h-BN ceramic surface ablated with Nd:YAG laser shifts from 190.3 eV (BN) to 187.9 eV (a 
simple boron), the B(ls) peak signal for Ti:sapphire laser corresponds to the binding energy of BN in both low and high 
fluence regimes. The result shows that a simple boron is formed on the area ablated with 100 ps Nd:YAG laser, however, 
the chemical composition of the area ablated with 110 fs Ti:sapphire laser remains unchanged and the thermal 
decomposition process does not occur. It is also seen that the ablation results of c-BN ceramic are similar to the h-BN 
ceramic. 
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Figure 5 XPS spectrum of B(ls) of the ablated h-BN ceramic surface with (a) 100 ps Nd:YAG laser and (b) Ti:sapphire laser. The 
laser fluence is with (a): 4.88 J/cm2 for Nd:YAG laser, and (b): 0.183 J/cm2 for Ti:sapphire laser. 

4. CONCLUSION 
In summery, the picosecond and femtosecond laser ablations of c-BN and h-BN ceramics with Nd:YAG laser and 
Ti:sapphire laser are demonstrated As a result of the c-BN ceramic ablation with Ti:sapphire laser, there are two regimes of 
ablation rate depending on laser fluence similar to metal ablation. This is not found in the h-BN ceramic ablation with 
Ti:sapphire laser, or in either case of c-BN and h-BN ceramics ablated with Nd:YAG laser. From the results of XPS analysis 
it is found that a simple boron is formed on the ablated area with Nd:YAG laser, but the surface ablated with Ti:sapphire 
laser is observed to remain as BN. Therefore, the chemical composition of the ablated surface remains unchanged and it is 
evident that the thermal decomposition process does not occur. Therefore, material processing of BN ceramics using a fs- 
Ti:sapphire laser can be demonstrated to prevent the attractive properties of BN ceramics from changing the chemical 
composition. 
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ABSTRACT 

The interaction of a high power (infrared) laser beam with samples of rock encountered in hard-rock metal 
mining operations was experimentally investigated. These tests were intended to explore the feasibility of 
using high power lasers to improve the speed, performance, accuracy, and safety of rock cutting and 
drilling in mining operations. The current results were compared to similar tests, performed with the same 
laser, of materials typically encountered in gas and oil well drilling. 

1. INTRODUCTION 

Rock drilling and cutting operations have experienced a number of evolutionary developments over the last 
hundred years. However, these operations could be dramatically changed by the use of new technologies to 
augment traditional drilling techniques. In particular, high power lasers, with beams delivered via fiber 
optics, could provide a number of benefits in a variety of rock drilling and cutting applications, including 
disaster relief. For example, compact laser cutting systems, which can access confined areas, cut a wide 
range of materials regardless of their hardness, and do not generate large reaction forces, would be 
extremely valuable in unstable environments, such as for rock slides or earthquake-damaged structures. A 
variety of innovative laser rock drilling and cutting concepts have been proposed over the years.1 Although 
many of these concepts seem to be quite impractical, advances in laser devices and fiber optics delivery 
systems in the last twenty years could make similar concepts quite feasible and enable direct laser or laser- 
augmented rock drilling and cutting to be the first revolution in this field in over a hundred years. 

The removal of rock in production drilling and cutting operations requires huge energies. Although a laser 
can melt and/or vaporize the materials encountered, regardless of their hardness, it is not an efficient way to 
remove the large volumes of rock required in such operations. Thus, because the energies required are 
large and laser efficiencies are on the order of ten percent or less, extremely high average power lasers are 
needed for drilling/cutting rates that are competitive with conventional approaches. However, the unique 
characteristics of lasers, especially their ability to precisely deliver high energy intensities, via fiber optics, 
to remote and confined areas, could be extremely valuable in combination with other drilling techniques. 
Such hybrid combinations could potentially produce systems which require less manual intervention and 
maintenance (especially when extremely hard materials are encountered), provide more predictable and 
accurate guiding, enable dynamic sensing of the materials being penetrated (from the emission spectra of 
the gas/plasma generated by the laser), eliminate the need for drill casings, increase penetration rates, and, 
for all of these reasons, make such systems more reliable, faster, and cheaper to use. 

2.   ROCK CUTTING AND DRILLING TEST 

A continuous wave (CW) infrared (IR) laser beam, operating at an average power of 6-7 kW, and at a 
wavelength of 1.315 um, was used in the tests. The US Air Force Research Laboratory Directed Energy 
Directorate provided a Chemical Oxygen Iodine Laser (COIL), as well as the supporting infrastructure, for 
the tests. Three rock samples from a typical hard-rock mining operation were investigated: waste rock, 
low-grade ore, and high-grade ore. The sample compositions were: 

High-Grade Ore Massive Sulfide (9.60% Ni, 8.75% Cu, 0.13% Co) 
Pyrrhotite 55-65% Pentlandite 10-15% 
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Chalcopyrite       25-30% Silicate&Oxides  <2% 

Waste Rock: Quartz Diorite 
Plagioclase 30-40% Hornblende 25-35% 
Quartz 5-10% Augite 5-10% 
Biotite 5-15% K-Feldspar 1-10% 

Low-Grade Ore: Disseminated Quartz Diorite (0.60% Ni, 0.50% Cu, 0.01% Co) 
Plagioclase 30-40% Hornblende 20-30% 
Quartz 5-10% Augite 5-10% 
Pyrrhotite 10-15% Pentlandite 1- 5% 
Chalcopyrite 5-10% 

The laser beam was directed approximately perpendicular to the rock surfaces and focused to a spot of 
diameter 0.589 cm (-.25 inch) at each test location. A gas purge of the holes/kerfs, using nitrogen at 50-60 
psi, delivered through 0.125 inch stainless steel tubing, was employed in each test. The purge was directed 
nearly perpendicular to the surface for stationary drilling. For the tests in which the sample was translated 
through the beam, the purge gas jet was directed at approximately 60° to the surface, measured from the 
surface opposite the direction of translation of the sample. 

3. RELATED LASER CUTTING AND DRILLING TESTS 

The stationary drilling tests were conducted using experimental parameters similar to those used in 
previous rock drilling tests, with the same laser system.2 These results, as well as results from other drilling 
tests with lasers at other wavelengths, were presented in October 1999.3 Their tests focused on rock types 
typically encountered in oil or gas well drilling operations: sandstone, limestone, shale, salt, and granite. 

One of the key conclusions of that study was that a high power laser became very inefficient at drilling a 
narrow (0.25 inch diameter) hole when the depth exceeded the distance that the purge jet was able to 
effectively clear of ablation products. Beyond that depth, which varied from one material to another, the 
partially-ionized gas produced by the laser interaction with the rock could not be effectively removed and it 
absorbed the laser beam. Thus, the gas and the surrounding rock became hotter, but the gas shielded the 
virgin rock surfaces from the direct effects of the laser beam. 

The energy needed to remove a cubic centimeter of material, the specific energy (kJ/cm3), was the figure of 
merit used to compare the cutting performance in these cases and in a variety of other experimental 
conditions. (A small value of this parameter is desirable, indicating a higher efficiency for the removal of 
the rock by the laser.) To determine this value, the beam intensity (kW/cm2) on the surface was first 
estimated. Since the radial intensity profile of the COIL beam is approximately Gaussian, the average 
intensity over the beam profile is lower than the peak power at the center of the beam. The average laser 
beam intensity on the surface of the rock samples was determined by assuming such a Gaussian radial 
intensity distribution and calculating the average value over the effective cross-section of the beam, to a 
radius at which the beam intensity was reduced to 1/e of the on-axis value. The specific energy was then 
calculated by multiplying this average beam intensity (kW/cm2) by the laser pulse duration (sec) and 
dividing by the volume of material removed, approximated as the product of the depth (cm) of the hole and 
the effective diameter (cm) of the beam. 

The inefficiency of laser drilling stationary holes beyond a certain depth was dramatically demonstrated by 
a series of holes this previous investigation drilled in a particular sandstone sample, for beam times which 
ranged from 3 to 15 seconds. In those tests, the specific energy was approximately constant, at about 37.5 
kJ/cm3, for beam times from 3 to 9 seconds. (The penetration depth for an 8-second illumination, by a 
beam with approximately the same parameters, was 4.3 cm.) However, for longer beam times, the hole 
depth did not increase substantially and the specific energy rapidly increased, indicating that the rock was 
increasingly shielded from direct laser interaction with the rock. 
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4. RESULTS OF ROCK CUTTING AND DRILLING TESTS 

The specific energy was also calculated for the COIL cutting and drilling tests of the mining samples. 
However, cutting rates, both depth per unit time (cm/sec) and volume per unit time (cm3/sec), were also 
determined. For the stationary holes, the values for depth per unit time were calculated directly from the 
measured depths and times. The volume per unit time for the stationary holes was calculated by assuming 
the volume removed was equal to the hole depth multiplied by the laser beam's cross-sectional area, out to a 
radius at which the intensity was 1/e of the on-axis value (in this case, 0.2945 cm). The volume per unit 
time for the scanned laser cuts was estimated by assuming the volume removed was equal to the greatest 
depth of the cut, multiplied by twice the effective beam radius (0.2945 cm), and multiplied by the length of 
the kerf. 

In the tests of the hard-rock mining samples, two eight-second illuminations of both waste rock and low- 
grade ore were done. At an average laser power of about 7.6 kW (23.7 kW/cm2 incident on the rock), the 
depth of the holes in the waste rock, produced by an illumination of -8.22 seconds, was an average of 4.7 
cm (tests 4 and 5). (See Table 1.) Thus, the average energy required to remove a cubic centimeter, the 
specific energy, was approximately 41.5 kJ/cm3 (which is slightly more than the 37.5 kJ/cm3 reported for 
sandstone). For the low-grade ore sample, the average laser power was 7.435 kW, during beam times of 
-8.21 sec. This created stationary holes which were nearly identical in depth, at -5.765 cm (tests 6 and 7). 
The specific energy in this case was only 33 kJ/cm3, indicating that the drilling of the low-grade ore sample 
was more efficient than drilling the waste rock sample. Although no holes were drilled in the high-grade 
ore sample for times of - 8 sec, the specific energy for drilling this length of time can be interpolated from 
the drilling tests which were done, at 6 and 10 seconds (tests 8 and 9). Thus, the specific energy for an 8- 
second drilling of the high-grade ore sample should have been approximately 36.1 kJ/cm3, intermediate 
between the waste rock and low-grade ore values. 

However, it is probably not appropriate to compare the specific energies for drilling different rock samples 
a set length of time. The rock composition greatly affects the rate at which the laser can ablate material in 
such deep holes. Thus, a material that can be penetrated more easily (partially because the ablation by- 
products do not absorb the incident beam as readily) will more rapidly reach a depth at which the gas purge 
system can no longer even partially clear the hole of these by-products. In order for a specific energy to be 
characteristic of the material alone, and not the hole geometry or purge system, the specific energies must 
be compared for relatively short drilling times. 

A series of stationary holes were produced in the high-grade ore sample, as mentioned previously, for 
beam times of 6, 10, and 14 seconds. The penetration depths were, respectively, 4.95, 5.84, and 7.70 cm, 
with corresponding specific energies of 30.41,41.78, and 41.12 kJ/cm3. In the previous sandstone drilling 
series, the specific energies for the same times were approximately 37.5, 38.0, and 42.0 kJ/cm3, illustrating 
that the laser drilling rapidly became less efficient for illumination times beyond 10 seconds (for a depth of 
penetration of about 5.3 cm). In the current experiments, the efficiency dropped off even more rapidly and 
sooner after the illumination started (beyond ~6 sec - corresponding, again, to penetrations of about 5 cm). 
Thus, it seems that the depth of the penetration, rather than the time for the laser illumination, is more 
indicative of the onset of reductions in drilling efficiency. Since the same gas purge system and drill hole 
diameters were used in both the current experiments and those of the previous tests, this drop in efficiency 
could simply be due to the inability of the jet to clear the holes of ablation products beyond these depths. 
In both cases, the 50-60 psi nitrogen purge gas was delivered through an untapered, 0.125 inch diameter 
tube. However, it should be noted that high energy laser industrial cutting systems often use gas purge 
pressures of up to 400 psi, through tapered nozzles, to efficiently clear deep kerfs. In recent rock drilling 
experiments by Japanese researchers, several purge jet options were investigated.4 They concluded that a 
gas purge was actually detrimental in deep drilling since it was not able to remove the viscous molten 
material and actually made the situation worse by increasing the rate of cooling of the material. 

The effect of hole depth on drilling efficiency in the current experiments can also be seen by comparing the 
depth-drilling speeds, in cm/sec, for the various stationary holes, as well as the volume-drilling speed 
(cm3/sec), for both the stationary holes and linear kerfs. Comparing the depth-drilling speeds (cm/sec), it is 
seen that one of the shallowest holes (in the high-grade sample, test 8), produced by a laser pulse slightly 
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longer than 6 seconds, had the highest rate (0.8 cm/sec). The drilling rate in the high-grade ore sample, for 
an 8-second test, can be estimated from the tests at ~6 and -10 sec (tests 8 and 9). Thus, the interpolated 
drilling rate is about 0.7 cm/sec, the same as for the low-grade ore sample (tests 6 and 7). The same 

Table 1. COIL Rock Cutting and Drilling Test Results 

Test 
Number 

Laser Beam 
Power (avg) 

(kW) 

Laser Beam 
Intensity (avg 

(kW/crrh 
Sample 

Laser Pulse 
Duration 

(sec) 

Pene 

Depth 
(cm) 

ration 

Length 
(cm) 

Sample 
Speed 
(cnVs) 

Specific 
Energy 

fkJferr?) 

Drilling 
Speed 
(cm/s) 

Drilling 
Speed 
(cnf/s) 

Comments 

1 7.652 Plexiglass 3.17 

2 6.128 19.0 Rock 20.16 2.96 3.3 0.16 23.50 0.285 
SE assuming kerf-5.5 beam diameters long 

3 6.225 19.4 Rock 30.04 7.43 1.3 0.04 35.70 0.189 
SE assuming kert-2^ beam diameters long 

4 7.685 24.0 Rock 8.24 4.58 43.18 0.56 0.153 

5 7.532 23.5 Rock 8.21 4.83 39.95 0.59 0.161 

6 7.441 23.2 Lo Grade 8.22 5.77 33.05 0.7 0.191 

7 7.429 23.2 Lo Grade 8.19 5.76 32.99 0.7 0.191 

8 7.752 24.2 Hi Grade 6.22 4.95 30.41 0.8 0.218 

9 7.657 23.9 Hi Grade 10.21 5.84 41.78 0.57 0.155 
penetration cut, sample cracked 

10 7.150 22.3 Hi Grade 14.20 7.70 41.12 0.54 0.147 penetration cut, sample cracked 

11 6.878 21.4 Hi Grade 30.13 11.10 intermittent translation, from edge, cracked 

12 6.668 20.8 Hi Grade 30.15 6.58 Intermittent translstkm, from edge, cracked 

13 6.484 20.2 Rock 30.14 3.54 5.0 0.17 20.23 

smooth translation, opposite direction, cut trom 
edge, videos Irom two perpendicular vantage 

points SE assuming kerk-8.5 beam diameters 
long 

conclusion can be reached by comparing the volume removal rates from the low-grade ore sample, 8- 
second illuminations (tests 6 and 7), with an estimate of the removal rate from the high-grade ore sample 
for 8 seconds (interpolated from tests 8 and 9). For both the high and low-grade samples, the volume 
removal rate was about 0.19 cm3/sec, for an 8-second illumination. In contrast, the linear and volume 
drilling speeds (for stationary drilling) in the waste rock sample (tests 4 and 5) were about 20% slower. 
Thus, the ablation products from the waste rock sample, composed nearly entirely of quartz diorite, seem to 
be somewhat more effective at absorbing the incident laser beam and protecting the virgin material. 

An improvement in volume drilling rates occurs when the laser beam is scanned along the rock surface. 
The volume drilling rates for these kerfs were determined by estimating the volume of material removed in 
the measured times as the product of cut depth, cut length, and cut (beam) width. Two "plunge" cuts (tests 
2 and 3) and one "edge-entry" cut (test 13) were made in the waste rock sample. For the plunge cuts, 
quadrupling the scan rate increased the volume cutting rate by 50%. By increasing the scan rate another 
50% and entering from the edge of the sample, however, the volume cutting rate increased by over 20%. 
The "edge-entry" kerf seemed to allow the gas purge to more easily expel the ablation products from the 
kerf and permit more efficient cutting. However, the gas purge was not strong enough to keep the kerf 
open during the entire cut. Some ten seconds into the "edge-entry" cut (test 13), the melted diorite blocked 
the kerf that had just been created, limiting the value of the kerf in efficiently eliminating the cutting by- 
products. 
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ABSTRACT 
The influence of high power C02 laser beam parameters on the process of the laser elevating of cavitation resistance of 
steels was investigated. The samples of structural carbon steel and corrosion resistant chromium steel were melted 
superficially with the laser beam and subsequently subjected to the cavitation loading. It was discovered, that the power 
distribution in the cross section of the laser beam was of the great importance for the elevating of the cavitation resistance of 
the steel surface subjected to the multipath scan processing. The dependence of the erosion resistance of the tested materials 
on the frequency of the laser pulses as well as on the power of the beam was also discussed. 

Keywords. Cavitation erosion, Laser processing of steels, C02 laser beam. 

1.   INTRODUCTION 

Cavitation resistance of materials is unique for any specific intensity and structure of the erosion impingement and 
depends on the structural and mechanical features of both the surface layers and core material. The problem of the 
protection of materials against cavitation during the incubation period of the erosion consists in the manufacturing of the 
surface layer of the appropriate properties, and hence on the method and parameters of its processing. Transformed and 
hardfacing structures created by the laser techniques leads, in most cases, to considerable increase of the cavitation erosion 
resistance of the processed materials (see e.g. 1"4). Any variations of the laser beam characteristics entail significant changes 
in the temperature field within the material and eventually induce the developing of various kinds of microstructure and 
residual stresses distributions5. 

1.1 Subject and scope. In the paper, the influence of the high power C02 laser beam parameters on the process of the laser 
elevating of cavitation resistance of steels was investigated. The samples of structural carbon steel (45 - normalized at 
860 °C) and corrosion resistant chromium steel (2HI3 - hardened and low annealed) were melted superficially with high 
power C02 laser beam and subsequently subjected to the cavitation loading. 
Laser processing was completed for various levels of the beam power (up to 8700 W), for both continuous and pulse laser 
operation modes. The dependence of the processing efficiency on the power distribution in the cross section of the beam 
was also tested. 

2.   PERFORMED EXPERIMENTS 

The investigations reported in the paper were carried out in the Institute of the Fluid-Flow Machinery of Polish 
Academy of Science in Gdansk and in the Technical University of Kielce. The laser treatments of the investigated material 
surfaces were accomplished with cw C02 lasers of 10 kW 6 (LPP10) and 1.2 kW7 (MLT1.2) and with the C02 laser of 6.5 
kW (LK) which worked optionally in cw or pulse operating modes. The main parameters of the applied devices are gathered 
in Tab. 1. 
In order to process materials along 10 mm and 20 mm width paths, the additional optics was employed for the beam 
shaping. Methods of samples processing were described in detail previously8. 
Cavitation destruction of the prepared samples surfaces was completed at the rotating disk facility 9 in the Institute of the 
Fluid-Flow Machinery in Gdansk. The tests were performed in 2 - 3 min long periods following one another. The total time 
of cavitating equalled 19 min. Some samples destined for residual stress investigations (subjected to multipath processing) 
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were destroyed in 5 - 7 min long periods. Total time (56 min) of exposure of the samples to cavitation did not exceed the 
incubation period of the erosion of tested materials, specific for the applied cavitation device. 

Table 1. The main parameters of the applied lasers. 

Laser LPP10 MLT1.2 LK 

Resonator unstable stable Stable 

Laser beam wavelength [pm] 10.6 10.6 10.6 

Laser beam power [W] 9800 1000 6500 

Laser beam mode Multimode TEM01+TEM00 TEM01 

Laser beam diameter [mm] 28 12 16 

Laser beam divergence [mrad] 2 1.7 

The rate of surface pitting (the quantity (Nr-N)/Nr as a function of the cavitation time) was used as an indicator of 
the erosion resistance of the investigated materials. Nr means the number of pits within the reference - not processed zone, 
and N stands for the number of pits on processed area. Quantifying the cavitation damage of the materials by the pits 
counting is the method applied also by many other authors (e.g.10). 

3. SELECTED RESULTS AND BRIEF DISCUSSION 

The picture of an exemplary eroded sample of material is presented in Fig. 1 Herein the smooth surface of the 
remelted area could be compared to the developed surface of not processed part of the sample. The enhanced damage at the 
boundary between the processed region and the region of not transformed material is probably caused by the residual 
stresses of tensile nature. 
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Figure 1. Steel 45; after 8 minutes of cavitation. Upper 
strip - the zone transformed with laser beam. 

Figure 2. Rates of pitting found on steel 45. The curves 
refer to the remelted paths of 20 mm, 10 mm, 3 mm width 
and to the snots at the edee of the nath of 10 mm. 

It follows from the results presented on Fig. 2 that an increase of the cavitation resistance of steel 45, due to its 
remelting by the broad laser beam (of 10 mm or 20 mm width), was higher than an increase of the cavitation resistance 
obtained for the steel samples processed by the narrow beam (3 mm). Moreover, an increase of the cavitation resistance in 
the middle of the broad (10 mm) path significantly exceeds an increase detected at the edge ofthat path. The latter effect 
could be linked to the presence of the residual stresses fields of tensile nature. The results related to the investigations of the 
samples processed along the multiplied parallel paths (Fig.3) - with heat affected zones attached or separated - are coherent 
with the above results. It was found that for steel 45 the cavitation erosion resistance of the samples remelted along the 
separate paths exceeded the one referred to the samples transformed along the attached paths. 

The results presented in Fig. 4 prove that the cavitation resistance of the steel 2H13 achieved on any remelted path 
was the same for nine initial min of cavitation. In the later stage of cavitation, an increase of the resistance observed on the 
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surface layer of the narrow remelted path of 3 mm was higher than an increase of the resistance detected on wider paths (of 
10 and 20 mm). It happened probably because of the presence of the 1-dimensional dendritic structure (not very resistant) 
formed within the broad, shallow melting pools, as well as due to high hardness of core material. It is worth underlining that 
in the case of steel 45 the reversed relationship is observed: for the wider remelted path the higher resistance was obtained 
(see Fig.2). The highest resistance at the edge of the remelted path in the case of steel 2H13 seems to be also linked to the 
structural features of the material but not to the presence of the residual stresses. It results directly from the fact, that 
mentioned differences in cavitation resistance were not detected before the ninth minute of cavitation as it was shown in 
Fig.4. 
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Figure 3. Rates of pitting found on steel 45 subjected to 
the cavitation loading at the rotating disk facility. The 
curves refer to the remelted paths of 3-mm width separated 
and attached. 

-3rrm- 10rrm- -20 mm- -edge 

Figure 4. Rates of pitting found on steel 2H13 subjected to 
cavitation loading at the rotating disk facility. The curves 
refer to the remelted paths of 20 mm, 10 mm, 3-mm width 
and to the spots at the edge of the path of 10 mm. 

Any distinct influence of the laser beam instabilities taking place during the surface processing on the response of the 
materials to the cavitation loading was hardly detected. However, the random creation of the optical breakdown - optical 
discharge plasma - at the solid state surface can cause the enhancing or weakening of the energy coupling between the laser 
beam and the material. It could affect the effectiveness of the processing (see Fig. 5) as well as the resistance to cavitation 
erosion. It follows from the performed investigations that the modulation of the laser beam power may deteriorate the 
efficiency of the process leading to the elevation of the cavitation resistance. At some frequencies of the laser pulses, the 
repeated cycle of heating during the processing contributes to reducing of the presence of the unstable hard material 
structures formed in the preceding moment. This leads to considerable decrease of the cavitation resistance, as it is shown in 
Fig. 6 for the laser repetition pulses frequency of 100 Hz. 

Figure 5. Cross-section of the steel 45 sample along the 
path of the laser beam processing with the presence of the 
optical discharge plasma. 

Figure 6. Rates of pitting found on steel 45. The curves 
refer to the paths remelted by the beam operating at various 
frequencies of the pulses. 
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It was found that amount of the laser beam energy absorbed within the surface layers of the material per unit of time 
was of great significance for the increase of its cavitation resistance in the initial stage of erosion. Therefore, the power of 
the beam should be regarded as the main parameter determining the processing efficiency with respect to the protection of 
the cavitation erosion. For example, the cavitation resistance of steel 2H13 processed with 1.9 kW laser beam increased 3.2 
times (measured after 40 minutes of cavitation), whereas cavitation resistance of the samples melted with 8.7 kW increased 
11.5 times. In the advanced stage of cavitation the dependence of the material erosion resistance on the laser beam power 
was less noticeable due to the limited possibility of the energy accumulation in the hardened, brittle structures. 

4. CONCLUSIONS 

4.1. Power distribution in the cross section of the laser beam is of the paramount significance for the generation of the 
residual stress fields in the processed material. Hence the laser beam parameters should be carefully selected, 
especially when the increase of the cavitation resistance of the steel surface is to be obtained by the multipath scan 
processing. 

4.2. The frequency of the laser pulses should not be too low in order to avoid the repetition of the thermal cycle within 
the material in the course of the processing. 

4.3. The power of the beam should be regarded as the main parameter determining the processing efficiency with 
respect to the protection of the cavitation erosion. 
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ABSTRACT 

In this paper the possibility of applying the new-generation high-power CuBr laser in precision 
micromachining is presented. Several industrial applications of the presented CuBr laser set-up are shown. 

Keywords: Laser Micromachining, CuBr laser 

1. INTRODUCTION 

Laser micromachining, based on the microablation of materials, is an increasingly important production method used 
in the automotive, aerospace, electronics, telecommunications and medical device industries. 
A variety of laser types are used in the laser micromachining. The lasers that are most commonly used are copper 
vapour lasers, excimer lasers and Nd solid state lasers and recently ultra-short pulsed from titanium sapphire lasers. It 
is clear that the laser type must be matched to the application and that no single laser type will be optimum for all 
applications. 
The copper vapour lasers (CVL), including CuBr lasers, have been at the forefront of laser micro-machining 
technology for some years [1]. 
Principal applications of these lasers are in micro-hole drilling and precision cutting. In number of applications it has 
been demonstrated that the copper laser is the only viable tool because of the excellent results achieved with its 
combination of high power, short pulses, visible radiation, diffraction-limited beam quality, high reliability and low 
cost of ownership. 
In this contribution 50 W CuBr laser advanced system for high-precision processing (cutting, drilling, trimming) of 
various materials is presented. 

2. CuBr LASER SET-UP FOR MICROMACHINING 

The experimental set-up for material processing (fig. 1) consists of a 50 W CuBr laser in MOPA (Master Oscillator- 
Power Amplifier) system, MTS (Master Timing System), XYZ rotary table, fast optical scanner head, optics for 
transmitting and focusing the laser beam, PC computer, microscope for direct observation of the laser machining 
process and video system. 
The CuBr laser is composed of two CuBr laser tubes working as a MOPA system (fig.2); discharges in both tubes are 
steered by MTS - high frequency and voltage switch. This configuration allows higher power, better quality of laser 
beam and also full control of laser generated pulses compared to a single tube. An average output power of CuBr laser 
is 50 W in two wavelenghts - green (510.6 nm) and yellow (578.2 nm) (green/yellow ratio is 3:1), pulse frequency of 
20 kHz and high beam quality «1,3 diffraction limit [2]. 

The optical scanner head with achromatic lenses of 16 cm focus was employed for very fast (up to 100 cm/s) and 
precision (1 urn) beam spot positioning. The scanner is equipped with plane-field objective that minimizes divergence 
of the spot. Maximal working area of the scanner is 10 x 10 cm. In order to proceed machining covering larger area it 
is necessary to combine scanner and XYZR table (resolution 4 urn, speed range 0.1 - 20 mm/s) movement. Z axis of 
the table is used to focuse the laser beam and operate with the spot on non-flat entities. Rotary table allows to perform 
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trepanned holes of high quality and curve shape cuttings. 
The optics in the set-up allows to achieve two modes of operation (fig. 1): a. the movement of the XYZR table 
assisting scanner, b. micromachining with the use of XYZR table without scanner. 
Scanner and XYZ rotary table are controlled by a PC computer. An auto focusing system and MTS controlling to the 
computer software have been planned for the set-up. 

CuBr laser 

Two modes of operating: 
a) scanner head for fast marking 

and cutting, 
b) XYZR table for (tilling and 

trepanning. 

Fig.l CuBr laser set-up for micromachining 

MO 

m 
33S* 

Fig.2 CuBr laser in MOPA configuration (MO - Master Oscillator, PA - Power Amplifier) 

3. CuBr LASER BEAM OPTIMIZATION 

Beam quality is crucial in micromachining. A relatively low peak power of the CuBr laser may have a negative effect 
on the laser processing materials. When used for the material drilling, the low peak power of the CuBr laser may not 
„ignite" the material wall developed plasma, and the ejection velocity of the vaporised material may prove too low to 
prohibit its solidification around the entrance hole. As a result debris or burr can form around the entrance hole, and 
spoil thus quality of drilling. When considering the laser material processing, the low peak power of the CuBr laser 
can be compensated with a good laser beam quality (proper laser beam profile and small divergence) which may 
significantly increase the laser beam fluence (laser pulse energy per unit area). The high quality laser beam can be 
focused to a very small spot whereby the laser beam fluence increases. Usually the quality of the laser materials 
processing increases with increasing laser beam fluence. 
We aimed at investigating performance of the CuBr laser with negative-branch confocal self-filtering unstable 
resonator (SFUR) (Fig. 3b) configuration, and compared it with performances of the CuBr laser operating with the 
negative-branch confocal unstable resonator (UR) (Fig. 3a) and stable resonator (SR) (Fig. 3c). Comparison the 
performances of the CuBr lasers operating in the UR, SFUR and SR configurations of a 10 W CuBr laser (having the 
same laser tube inside) allowed to apply the most appropriate resonator to 50W MOPA configuration laser. 
The 10 W CuBr laser was composed of a discharge tube placed in a UR formed by fully reflective concave mirrors M! 
and M2 of a focal length of fi = 1200 mm and f2 = 40 mm, respectively. The mirrors Mx and M2 were both set 
confocally so that the distance between them was 1240 mm. In the common focus of both mirrors M! and M2 another 
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mirror M3 was placed with a laser beam transmitting hole. The mirror M3, called a scraper mirror was used to extract 
the laser radiation outside the resonator. The diameter of the transmitting hole in the scraper mirror M3 was 0.5 mm. 

In the second configuration CuBr laser was operating with a SFUR. The main property of the self-filtering unstable 
resonator, in which a self-filtering intracavity aperture is employed [3], is the achievement of a diffraction limited laser 
operation with high-efficiency power extraction from the laser cavity. SFUR resonators are particularly suited for high 
gain lasers and have been tested on Nd:YAG [4], C02 [5] and excimers lasers [6]. Efficient operation of the 
conventional copper vapour laser with SFUR, demonstrated by its diffraction limited emission with high-efficiency 
power extraction depends on the gain build-up in the resonator during the excitation pulse. In contrast to the 
conventional metal vapour laser, the build-up of the laser gain in CuBr lasers starts on the optical axis whereby the 
CuBr lasers provide a favourable condition for efficient operation of the SFUR resonator. This may be the advantage 
of using the CuBr laser instead of a conventional metal vapour laser. 
The basic concept of operation of a laser with the SFUR configuration is as follows. The SFUR is a negative-branch 
confocal unstable resonator with concave mirrors Mi, M2 and an aperture A of a diameter 2a set in a focal plane of the 
resonator, as shown in fig. 3b. When the laser gain starts to build-up on the resonator optical axis, the aperture A is 
illuminated by the emission of the active medium and transmits the radiation of the top-hat flat distribution resulting 
from a relatively high component of the amplified spontaneous emission (ASE). The mirror M2 reflects the top-hat flat 
distribution radiation and focuses it on the aperture plane, producing the typical Airy pattern consisting of a central 
disk surrounded by rings. If the diameter 2a of the aperture A matches the central disk of the Airy pattern, only the 
central lobe is transmitted through the aperture to reach the laser medium, where it is amplified, becoming a 
diffraction-limited progressively amplified diverging laser beam. The mirror M, reflects this beam and collimates it 
towards the aperture A and mirror M2. However, only a small part of the collimated back laser beam reaches the 
aperture A and mirror M2. A major part of the laser beam is reflected from a scraper mirror M3 (with a central hole) 
extracting the laser radiation from the laser resonator. The part of the laser beam which reaches the aperture A starts 
the selection process again. The selection process is then iterated whereby the laser oscillation establishes as far as 
gain duration allows the laser pulse to build up. For efficient selection filtering the aperture diameter 2a should be 
equal to the diameter of the first Airy disk defined by 

2a = 2.44^A, (1) 
2a 

where f2 is the focal length of the mirror M2, and X is the laser radiation wavelength. 
In our SFUR configuration the mirrors M, and M2 with a focal length off] = 1500 mm and f2 = 25 mm, respectively, 
were used. From the SFUR condition (1) one can find that the diameter of the self-filtering aperture for both CuBr 
laser lines, X = 510.6 nm and X = 578.2 nm should be equal to 176.5 urn and 187.8 urn, respectively. The calculated 
diameters of the diffraction lobes on the mirror M, are 10.6 mm and 11.3 mm for X = 510.6 nm and X = 578.2 nm, 
respectively. 
The actual diameter of the aperture A drilled in a ceramic substrate was 200 urn. The 1500 mm focal-length mirror 
Mi, coated with aluminium had a reflectivity of 95%. The 25 mm focal-length mirror M2, coated with aluminium had 
a reflectivity of 70%. The scraper flat mirror M3, used as an output coupler was also coated with aluminium. It was set 
at an angle of 45% in respect to the optical axis. The diameter of the transmitting hole in the scraper mirror M3 was 1.8 
mm. 
In the third configuration, the 10 W CuBr laser was operating with a SR (Fig.3c). It was formed by two plane-parallel 
glass plates M, and M2 inserted between the laser tube and the scraper mirror M3. The output laser beam was 
outcoupled with the scraper mirror M3, like in the SFUR. 
During investigation we measured the profile (light intensity distribution in the cross section of the laser beam) and 
divergence of the beam of the CuBr laser with three types of resonators. 

The investigation of 10 W CuBr laser showed that: 
- the CuBr lasers with UR and SFUR generate the laser beams having the divergence (120 urad) only 1.2 times 

larger than the diffraction-limited divergence, 
- no difference in the power extraction coefficient or beam divergence was observed for the UR and SFUR 

configurations, 
- the divergence of the CuBr laser with SR is about 1 mrad, This makes the laser with the SR useless for the most 

cases of the laser micromachining, 
- superiority of the SFUR configuration over the UR was not found. The laser beam profile and laser gain rise- 

time were not studied in detail for both cases. It is obvious that the UR configuration is simpler than the SFUR. 
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Fig. 3. a) Negative-branch confocal unstable resonator (UR): 
Mi - mirror (fj = 1200 mm), M2 - mirror (f2 = 40 mm), 
M3 - scraper mirror for output coupling (diameter of the 
transmitting hole - 0.5 mm); b) - Self-filtering confocal 
unstable resonator (SFUR): M2 - mirror (fi = 1500 mm, 
R = 95 %), M2 - mirror (f2 = 25 mm, R = 70 %), 
M3 - scraper flat mirror for output coupling (diameter of 
the transmitting hole - 1.8 mm), A - pinhole aperture 
(diameter 200 jam); c) - Stable resonator (SR): Mi - mirror 
(fi = 1500 mm), Mt - plane-parallel glass plate 
(T = 92 %), S - shutter. 4. Set-up for beam measurements 

M,      M3 Laser tube 

a) 
~^Ö 
JE- ■i 

I       Outputbeam 

M,     A    Mj Laser tube 

b)   f -fc£ 
Outputbeam 

M, M,        Lasertube 

C) A 
■M, 

:     j Output beam 

4. SET-UP FOR THE CUBR LASER BEAM PROFILE MEASUREMENT 

The experimental set-up for the CuBr laser beam profile measurement (Fig. 4) consists of an optical system for 
transmitting, attenuating and collimating the laser beam, a CCD camera Pulnix 745 and a laser beam analyzer LBA- 
300 PC manufactured by the Spiricon Co. The CCD camera active element (8.5 mm x 6.4 mm in size) has 768 x 493 
pixels (each 11 um x 13 ym) [8]. 

Laser CuBr 

Lois 

iqqwi'i'pi' 

PC 
Monitor 

Fig. 4.   The experimental set-up for CuBr laser beam measurement. 

The laser beam from the CuBr laser is directed by a high-quality mirror M and two prisms Pi and P2 towards the CCD 
camera. The prisms Pi and P2 play a double role. First, by they reflect the laser beam towards the CCD camera without 
double reflection that occurs when using parallel-plane plates. Second, by they attenuate the laser beam (the intensity 
of the laser beam reflected on the prism surface is about 10% ofthat of the incident beam). The intensity of the laser 
beam attenuated by the prisms Pi and P2 is about 1% of the initial laser beam intensity. When such attenuation occurs 
not sufficient, the laser beam passes through the set-up of neutral filters A. The number of the filters in the set-up 
depends on required level of the final attenuation of the laser beam. Then, the laser beam is collimated by a lens L on 
the CCD active element. The optimum diameter of the laser beam collimated on the CCD element is set by adjusting 
the distance between the lens and the CCD element. All the optical parts used for transmitting, attenuating and 
collimating the laser beam did not distort the laser beam profile. 

5. EXAMPLES OF LASER MICROMACfflNING 

Obtained results show the system that we inteded to present may be competitive in wide range of micromechanics and 
electronics. 
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Fig. 5.Drilling (30-270 um holes) in 
pressurecontainer covers (0.4 mm thick 

aluminium) in order to test the leak detectors. 

Fig. 6. Cutting of graphite shells used as an 
electrodes in thyratrons (magnification of 500 times 
- upper picture, and 250 times - lower picture). 

Fig. 7. Cutting of electrical circuit on PCB 
(track width of 100 um). 

Fig. 8. Carving 
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ABSTRACT 
A controllable, homogeneous stream of metal powder particles is remelted by a focused, coaxial C02 laser beam at the 
outlet of a multi-slream nozzle and applied for production of the protective coatings and volumetric structures for 
prototyping. For the stellite SF6 layers the optical, chemical, and metallographic tests show the fine-grained and chemically 
homogeneous structures with only a minor presence of the Cr/C precipitates and local micro-defects. 

Keywords: laser processing head, CQ2 laser, laser cladding, rapid prototyping, protective coatings 

1. INTRODUCTION 
The laser remelting of metal powders applied for protective coatings and also for die rapid prototyping of models, 
manufacturing, and reparation of machine parts is extensively studied in the last decade1"6. Quality surfaces can be obtained 
by this method while achieving the required mechanical properties and microstructure of the final product. For the 
prototyping a significant reduction of the time between the design stage and manufacturing is achieved due to the effective 
combination of the CAD/CAM design techniques with the CNC controlled laser workstations'. The cw and pulsed laser 
sources allow for an optimised choice of the interaction parameters for a given material (base + powder) in several iterative 
steps. The optimisation can be supported by calculations of these parameters based on semi-empirical models where 
physical constants of materials and data characterising the process are applied4. Recently, an interest in the relevant 
experimental data growths rapidly despite of the fact, that in many cases they refer to specific applications, materials and 
interaction geometries3'6. It is stimulated by the need of the process control, which can be supported by a verified model of 
the process and a collection of appropriate data. 

In this work an investigation of the volumetric structures consisting of a single and multilayer clads obtained by means 
of an experimental device for laser remelting of metal powders is reported for the case of Stellite SF6. Characteristics of the 
process are reported and results of sample examination obtained by the optical and scanning microscopy and also by the 
EDS chemical analysis and corrosion test are presented and discussed. The data characterising the microhardness, corrosion 
and also wear resistance are analysed. 

2. EXPERIMENTAL 
An experimental cw CO2 laser stand of the output of 1.5 kW equipped with the numerically controlled XYZ manipulator 
was used for the experiments. The laser beam of 18 mm in dia was focused by means of a lens optics (ZnSe, f = 127 mm) 
integrated into the processing head - Fig. 1. The beam spot of 1 mm in dia measured on the processed surface has been kept 
constant The applied beam intensities were equal to about 105 W/cm2 and the laser output was controlled with an accuracy 
of ±2%. For the powder injection into the processing zone, a multi-stream, water-cooled nozzle mounted co-axially with the 
focussing optics was applied. A gravitational powder feeder together with the nozzle assured a homogeneous flow of the 
powder at a feed rate controllable in the range of 0.05-0.33 g/s. The visualisation of the powder jet confirmed a uniform 
distribution of the metal particles in a conical volume corresponding to the flow expansion at the jet outlet and their 
velocities in the range of 2-6.5 m/s were measured - Fig. 2. Ar gas was applied for the powder transport. Two additional Ar 
streams were used for shielding of the focussing lens and of the interaction zone in order to prevent die production of oxides 
and avoid contamination due to the contact with surrounding. The processing head (see Fig. 1) was tested for several 
powder materials. However, the best results were obtained with powders of the bronze BIO (10% Sn) and of Stellite SF6 

* Correspondence: e-mail: rafj@imp.pg.gda.pl, tel.: +48 58 34112 71, fax: +48 58 34161 44 
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Fig. 2. Average velocity of the BIO powder particles vs. flow rate of 
the working gas for different nozzle geometries. 
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Fig. 1. Scheme of the laser cladding process with a metal 
powder used as an original material. 

(51.5% Co /bal./, 19% Cr, 13.5% Ni, 7.5% W, max 3% 
Fe, 2.3% Si, 1.6% B, max 1% Mn, 0.7% C) of the grain 
size up to 60 um. On Fig. 3 a relationship between the 
powder jet expansion coefficient (Ad/Az) of the 
gas+Stellite stream and the powder feed rate is shown. 
Plates of the carbon steel and of a high-temperature 
resistive alloys (12% Cr, 1% Mo, 0.6% Ni, max 0.6% 
Mn, max 0.6% Si, 0.2% C, bal. Fe) were used as the base 
material. The horizontal feed rate used to produce the 
structures did not exceeded 25 mm/s, and the vertical one 
was controlled stepwise and steps equal to the layer 
height were applied. Traces of the remelted powder 
material of dimensions of 1 mm x 0.3 mm (width x 
height) were applied for a surface coatings by a partial 
trace overlap and also as volumetric structures by the 
trace-on-trace remelting as well. 

In order to conclude on the processing quality and 
reproducibility of results for a given set of parameters the 
samples were examined by means of the optical, chemical, and metallographic methods. After cutting, polishing and etching 
of the samples an inspection of the microstructure of the respective cross sections was performed by means of the optical 
and electron scanning microscopes (SEM) of the types PME-3 (Optimus) and JXA-840 (JEOL), respectively. The EDS 
(Energy Dispersive Spectroscopy) was applied for chemical analysis of the laser remelted layers. For characterisation of the 
mechanical properties of the cladded SF6 coatings the microhardness was measured by means of the Vickers method using 
a load of 300 g. Measurements were carried out at different distances from the coating surface in several, arbitrarily chosen, 
vertical cross sections of the clads. In order to obtain a quantitative data on corrosion resistance the potentiodynamical curve 
has been measured for the representative samples. The electrochemical tests were carried out in a standardised solution of 
3.56% NaCl. The tested area was 1cm2 and the rest of the surface was masked by means of an anticorrosion tape. Once the 
samples were immersed in the electrolyte and the corrosion potential has been stabilised, a potential sweep was applied 
beginning at a level of-1000 mV/SCE at a scan rate of 1 mV/s until the current density of ImA/cm2 was achieved. 

powder feed rate [g/s] 

Fig. 3. Jet expansion coefficient vs. powder feed rate for two 
different nozzle geometries. 

3.   RESULTS AND DISCUSSION 

3.1 Microstructure and chemical composition of the laser clads 
For a laser cladded layer of a thickness of 0.5mm the EDS analysis revealed a relatively uniform content of the original 
components at different depths of the coating, indicating mat after the deposition and remelting no changes were induced in 
the chemical composition. Effects of dealloying or oxidation were not evidenced, too. Only in the stellite zone close to the 
base material a slight differences in composition can be observed with respect to the layer. This is demonstrated by the EDS 
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Fig. 4. The EDS analysis of the bulk stellite (full line) and its 
area close to the base (dashed line). 

Fig. 5. The laser cladded stellite SF6 layer: a cross section of the 
coating - upper part, and base - lower part, magnification 30x. 

results obtained for this area, which indicate a higher content of 
Fe in comparison to the Fe concentration in the bulk of the stellite. 
It allows to conclude that some diffusion of iron from the 
substrate has taken place - see Fig. 4. 

A general view of the coating can be observed in Fig. 5. The 
layer is homogeneous and exhibits a good adherence with the 
substrate. The SEM micrograph in Fig. 6 reveals the presence of 
the white precipitates in the base steel as well as different 
structures of both zones. The upper part (Fig. 6) corresponds to 
the stelhte clad and shows a dendritic structure growing from the 
interface. This fine-grained and homogeneous structure is 
characteristic for a fast sequential heating and cooling of the 
sample. At higher magnifications it is possible to distinguish more 
clearly that between the cladded layer and the base metal there is 
a metallurgical bond rather than an interface. This assures a good 
adherence of the coating. On the other hand, in the areas along the 
internal part of the interface towards the base steel there is an 
array of precipitates, for which the EDS analysis revealed that 
they contain mainly Cr. This is interpreted as precipitation of 
chromium carbides as a result of an enrichment of the local 
carbon promoted by melting of the carbon steel used as substrate. 

Fig. 6. SEM photograph of the dendritic structure of the 
stellite (upper zone) and the structure of the base steel. 

3.2 Microhardness 
Measurements of the Vickers microhardness were carried out at different depths of the cross section of the sample. Values 
obtained for the stellite are equal to about 750 HV (load 300 g) which is considerably higher than those measured for the 
base steel of 198 HV and values corresponding to the remelted track of the base metal are equal to about 400 HV. It is still 
higher than these of the core steel but half of the values measured for the stellite. This difference can be due either to 
a lower concentration of the elements of the alloy in that area or to the laser scanning of the surface prior to cladding. This 
initial scanning results in a rapid melting of the surface and leads to a dissolution and distribution of the included 
precipitates. The observed effect promote a finer structure of better mechanical and corrosion properties and confirms the 
results reported in the literature6. 

33 Corrosion resistance 
Results of the corrosion tests are presented as the potentiodynamic curves in Fig. 7 for the base material (doted line) and the 
laser cladded sample (full line). The corrosion potential obtained for the cladded layer is of the same order of magnitude as 
that of the uncoated steel. Although for the coated sample a presence of a nearly vertical stage typical for passive material 
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can be observed. Its length is quite short and the 
current density corresponding to the passivity is 
similar to the corrosion current density of the non- 
cladded material. Unfortunately, this behaviour 
suggests the presence of defects in the form of micro- 
cracks in the coating which expose the base material 
locally to the aggressive environment. The corrosive 
agents may reach the substrate through these defects 
launching the corrosion attack, which can extend in 
the base in subsequent steps. 

The occurrence of micro-cracks is most probably 
due to the residual, thermal tensions induced in the 
sample during the cladding. A similar effect was 
observed for the laser alloying by means of coatings 
containing the Fe, Cr, Mn and C and a marked 
improvement of the final effect was obtained for 
a selected clad composition and under conditions of 
preheating of the base material to a given 
temperature 6. 
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Fig. 7. The potentiodynamic curves of the base material 
and cladded layer. 

4. CONCLUDING REMARKS 
A laser processing head equipped with the water-cooled, multi-stream nozzle was applied for the production of protective 
coatings and for fest prototyping. Coatings and also volumetric structures were produced by remelting of metal powders by 
means of a CO2 laser at intensities of about 105 W/cm2. The results of the optical, chemical, and metallographic 
examinations made for stellite SF6 layers confirmed that the process parameters can be controlled for a given material. For 
the fine-grained and chemically homogeneous structures showing the required adhesion to the base material only a minor 
presence of the Cr/C precipitates was observed. However, the corrosion tests indicated on a local structure defects (micro- 
cracks). An increase of microhardness of the remelted track of the base up to 400 HV compared to the core value of about 
200 HV was measured and ascribed to the combined effect of diffusion and high temperature gradients under interaction of 
intense laser beam. Results allow to conclude that the investigated processing head can serve as an efficient tool for laser 
cladding and production of volumetric structures for protective coatings and fest prototyping. 
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ABSTRACT 

Visualization of thermal surfaces has been used in various fields. In this study, thermal monitoring of acrylic surfaces has 
been performed which were processed by a segmented pixel drawing (SPD) method using a slab-RF excited C02 laser. The 
SPD method has been newly developed to make an artistic sculpture. In this method, it is possible to obtain various effects 
on processed surfaces by controlling processing parameters. This method demands uniform processing shapes in a pixel and 
reproducibility of results. The purposes of this study are to evaluate the processing results and to investigate the causes of 
unfavorable processing shapes by capturing thermal phenomena. Thermal distribution on laser processed surfaces obtained 
by this study can be useful to correct some important data for acrylic laser sculptures. The causes of unfavorable processing 
can be improved so as to obtain uniform processing shapes. 

Keywords: Thermal monitoring, Infrared thermography, Slab-RF excited C02 laser, Segmented pixel drawing method 

1.    INTRODUCTION 

Visualization of thermal surfaces has been used in various industrial fields.112] These visualization has currently been 
introduced in field of laser processing.3141 Laser processing is one of the most attractive methods in a field of processings, 
and has been widely used for various applications. Among various types of lasers for processing, C02 lasers with different 
excitation schemes have been commercially available for the processings not only of metals but also of non-metals such as 
acrylic, epoxy glass, ceramics, and glass due to the demands of industrial applications.5] 6] 

In this study, thermal monitoring of acrylic surfaces has been performed which were processed by a segmented pixel 
drawing (SPD) method using a slab-RF excited C02 laser. This method demands uniform processing shapes in a pixel and 
reproducibility of results, and so thermal monitoring is useful to analyze thermal phenomena of processed surfaces. Infrared 
thermography and an image analysis system have been introduced to capture these phenomena. Infrared thermography is a 
two-dimensional, non-contact technique of temperature measurement and can be used in various heat transfers found in not 
only research fields but also industrial applications. 
Thermal phenomena occurred in processed surfaces have complex structures and variation in time with resulting in various 
processed structures. The purposes of this study are to evaluate the processing results and to investigate the causes of 
unfavorable processing shapes by capturing thermal phenomena. 

2.    A SEGMENTED PIXEL DRAWING (SPD) METHOD 

In this study, we use a slab-RF excited C02 laser developed in our laboratory71 and an acrylic board as processed materials. 
Conventional methods of laser processing are typically of marking and masking. Shortcomings of these methods are small 
processing area and few tones. The SPD method has been newly developed to cover shortcomings of these methods.8191 

Since this method has the characteristics that materials were processed in a pixel-base using focus/defocus beam, processing 
area can be large and it is possible to get various effects on processing surfaces. Using this method, processing surfaces are 
created by a laser in a segmented pixel-base in which various surface effects are given such as fluent, opaque, rugged tones 
and so on. 
Figure 1 shows a processed sample image using the SPD method. Figure2 shows the pixel samples. As one can see from 
Fig.l, processing surfaces are made of the combination of some pixels with the SPD method. 
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Fig. 1 A processed sample image using the SPD method 
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Fig.2 The pixel samples 

3.    PLANCK'S LAW OF THERMAL RADIATION 

Plank's law of thermal radiation is shown in equation (1) 
and the relationship between wavelength and radiation 
energy is shown as Fig.3, 
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where WA, A and T are the radiation energy per unit area 
and   per   unit   wavelength   [W/(cm2  ■   (l  m)],   the 
wavelengthf ß m]   and  the   absolute  temperarurefK], 
respectively, h, c and k are the Planck's constant[6.626 x 
lO^W-s2], the light velocity [2.998 x 10'°cm/s] and the 
Boltzmann's   constant   [1.380 x   10"23W/ ( s ■ K ) ], 
respectively. 
As  one  can  see  from  Fig.3,  in the  case  that  the 
temperature   of   material   is   3000K,   the   radiation 
distributes over the wavelength region of ultraviolet, 
visible and infrared. Decreasing the temperature, the 
radiation becomes dominated mainly with infrared region. Since the temperature at processed target areas using the SPD 
method are ranged about 390~520k, an infrared thermography enable us to observe such low temperature phenomena. 

4.     EXPERIMENTAL SETUP AND ANALYSIS 

0.1     0.2        0.5       1        2 5       10     20 50     100 

Wavelength \U m) 

Fig.3 Plank's law of thermal radiation 

4.1 Experimental setup 
Figure4 shows experimental setup. The laser 
system consists of (1) an RF power supply which 
is capable of producing a maximum RF power of 
2kW at the frequency of 100 MHz and can be 
controlled in terms of the duty cycle and the 
frequency, (2) a laser head made by aluminum, 
(3) a gas handling system that pump out an air 
and supply a mixed gas of C02, N2, and He in a 
rate of 1:1:3 in the laser head, (4) a cooling 
system using water, and (5) a personal computer 
with a control electronics which measures and 
controls these above mentioned system. 
The optical system consists of a scanner system 
with x-axis, y-axis mirror and z-axis lens, and a 
personal computer which controls this system 
through the scanning controller. 

IR camera 
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Stored rate: 30frames/scc 

Capturing wavelength : 3.0-5.4 u 
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Fig.4 Experimental setup 
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The infrared thermography system consists of an infrared camera, a thermal video system and a personal computer. 
Through a video capture board, the images were captured and stored in a personal computer at a rate of 30 frames/sec. 
Infrared thermography have a capturing the wavelength ranged 3.0-5.4 ß m and an image resolution of 5.6image-pixel/mm. 
In this experiment, a SPD pixel pattern of 3 X 3 dots was observed under the use of focused beam operated with 50% of the 
duty cycle and 0.15 kHz of the frequency. 

4.2 Analyzing method 
In this study, several images were captured by the infrared thermography system during processing a pixel. These images 
have data of temperature in 45 x 45 pixels for the observed area. Maximum temperature was calculated using the 
temperature data of these images per each image-pixel. The maximum temperature obtained in a pixel was represented as a 
contour map and a 3-D histogram, with which we evaluate the causes of unfavorable processing. 

5.    RESULTS AND DISCUSSIONS 

5.1 Maximum temperature map (1) 

Fig.5 Maximum temperature contour map and 3-D histogram (1) 

Figure5 shows the contour map and the 3-D histogram indicating the maximum temperature. As one can see from Fig.5, the 
thermal distribution in a pixel is found to be non-uniform in this processing. This means that laser beam irradiation at the 
lower left position in this pixel is not enough in it power level. Therefore it is evaluated that these operations are 
unfavorable in pixel-base processing. 
The causes of unfavorable processing are probably due to the unstable power of laser beam and controllability of x-y 
scanner. 

5.2 Maximum temperature map (2) 
As experimental conditions, the initial value of jump delay and stroke delay about x-y scanner (500 n s) are changed into 
5000 ß s. The jump delay is defined as a waiting time after jumping. The stroke delay means a waiting time before jumping. 
Figure6 shows the maximum temperature map and 3-D histogram after changing x-y scanner setting. As one can see Fig.6, 
it is found that the uniformity of thermal distribution in a pixel was improved since laser beam scanning was uniformly 
made than in Fig.5. Therefore this processing is success. 
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Fig.6 Maximum temperature contour map and 3-D histogram (2) 

6    CONCLUSIONS 

In this study, it is confirmed that infrared thermal monitoring system is useful to capture and analyze thermal phenomena of 
surfaces processed by the SPD method using slab-RF excited C02 laser. It is found the causes of unfavorable processing can 
be closely related the obtained thermographical information. Although the SPD pixel can be observable through the visual 
inspection by eyes, it is very difficult that such a visual inspection provide quantitative reasons for unfavorable pixel 
production. This thermal monitoring method would be very helpful to understand better the detailed production mechanisms 
of the SPD pixels. 
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ABSTRACT 

The employment of laser systems for completely automated welding processes needs an analysis of physical 
mechanisms by means of mathematical models to correlate the characteristic quality indexes of welding to working 
parameters. In this paper we describe the application of neural networks method in order to correlate, for different kinds of 
stainless steel, the melting area and the welding efficiency to working parameters, leaving out of account the knowledge of 
the chemical and thermo-physical properties of working materials. The results are quite satisfactory even if a direct search 
of the optimal process conditions is not possible. 

Keywords: Laser welding, Neural network, Stainless steel, Parameter selection 

1.   INTRODUCTION 

Optimisation of laser welding means, generally, to select the laser source and the variables or parameters affecting the 
process and to find analytical correlation between these parameters in order to produce an objective function of one or more 
variables to maximize or minimize. Usually this problem, when applied to technological processes, turns out to be 
analytically non-resoluble if the process parameters are not independent and if there are constraints to respect. In these cases 
it is only possible to obtain approximate solutions of some sub-problems and we are only able to find some conditions of 
relative minimum or maximum. 

Regarding the laser welding process, we can infer that a leading role on the quality of weld bead is played by: power of 
the incident laser beam, laser beam diameter, speed of the workpiece, laser beam depth of focus, type of converging lens, 
type of covering gas, beyond obviously the physical and chemical properties of welding materials1". The welding quality 
can usually be evaluated directly by means of mechanical and technological properties and metallographic examinations of 
welded joints or alternatively by means of the welding efficiency, measured as the ratio between the melting volume per 
second (MV, W/s) and the laser power (LP, kW), the former being the product between the welding speed (WS, mm/s) 
and the melting area (MA, mm2); the melting area can be easily evaluated by image analysis of cross section of weld bead. 
The authors demonstrated that the welding efficiency (WE, mmVkJ), for acceptable welding joints, falls in the range 
20-^554. In this paper we will consider the melting area and the welding efficiency, as the characteristic parameters of the 
welding process, and their dependence on internal and external process parameters will be examined. 

Starting with the consideration that each experimental data, characterized by process and material variables, can be 
thought as a point in an n-dimensional space and that each experimental data can be linked to some output parameters, 
namely melting area and welding efficiency, we have carried out research in order to test a new method of classification, by 
means of Artificial Intelligence Techniques, namely Neural Networks with guided learning. 

2. NEURAL NETWORKS BACKGROUND 
The neural networks model is a highly parallel complex system built by interconnecting several computational elements 

or nodes. The computational elements are typically non-linear and are interconnected via weights that can be iteratively 
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adapted to improve performance. Each simple node performs a weighted sum of the N inputs and transform the sum to an 
output signal that is a non-linear function of the result. 

The simplest neural network analysed in depth is the perception5; the linear algorithm and the iterative version of 
Widrow-Hoff procedure both advocate finding through the following rules: 

«Vi =w. -ri(t>-™T
p-xpy with w, arbitrary (1) 

In the above equation w represents a column vector of synapses, x a column vector of characteristics or patterns, t the 
true output value specified by the training-set examples, the index p indicates the sequence of pattern presented to the net, 
and r) is the learning rate. We can write (1) also in the form Aw = 778^:, so-called DELTA RULE, where the vector 8 
represents the difference between the desired output and the actual output produced by the net. 

One of the problems with the perceptron is that, when the classes are not linearly separable in the feature space, the 
algorithm will not converge. In most practical situations, the classes are seldom linearly separable, particularly when 
multiple categories are involved. Consequently, the nonlinear decision boundary can be generated by using a multi-layered 
structure, along with nonlinear transfer function of weighted sum of input. The intermediate layers extract the higher orders 
of correlation in the signals and in general can generate any arbitrary decision surface. 

The multi-layered network proposed, as illustrated in the example, is a two-layered feed-forward network with a layer of 
m input units at the bottom, which is only a buffer and doesn't perform any operation, a hidden layer of/' units in the middle, 
connected, in turn, to a layer of £ output units, fig. 1. 

FORMA EURONS 

Using a superscript in square brackets to indicate which layer of 
the networks is being considered (/ = input, h = hidden, o = output), 
the input to nodey of first hidden layer is: 

in1, 

< while the output of this node is: 

out1 
=/(inw) 

(2) 

(3) 
a. where / is the activation function, which is traditionally the sigmoid 
g function, but can be any differentiable function. Therefore the input to 

the k node of the output layer is: 
- '   '-'x (4) = Z^-outW=X^-/(inW) 

Fig. 1 - Neural Network Diagram 
and finally the output of this node is: 

«utW=/fcW) = 4lw"-'fa?1) 
v 1 

(5) 

In general, the calculated output {opk} will not be the same as the target or desired values {tpk}. The square errors for 
each pattern and the average system error are: 

E,=jI.<t*-°J   ^—Ilt-U (6) 
p   * 

where the factor of one-half is inserted only for mathematical convenience. 

The back-propagation algorithm relies on a recursive procedure to estimate the weights on the basis of error in response 
at each layer6"8. The weights are estimated using the gradient descent method for mimmizing the error. To calculate them, 
we use the chain rule to express the partial derivative in term of two factors, one expressing the rate of change of error with 
respect to the output, and the other expressing the rate of change of the output of the node k with respect to the input to that 
same node. In order to estimate the weights we can use the same formal expression of DELTA RULE, where the 
components of 5 vector have the following values: 

8
Pk = \fpk ~ °pk) ■ Opk ■ (l - opk)   for the output layer 

5pj = °pj' I1 ~ °pj)' X SPk wkj     for the hidden layer 
(7) 
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3.   MATERIALS, EXPERIMENTAL PROCEDURES AND NEURAL NETWORKS APPLICABDLITY 

In this first application stage of the neural networks method, the results relevant to welding laser processes in stainless 
steels (austenitic, ferritic and martensitic on a wide thickness range) have been worked out. For evaluating the melting area 
and the laser welding efficiency, about 300 experimental data have been collected; these joining (lap and butt) were carried 
out by different C02 laser sources9"12. The system variables and the variables relevant to the different welded materials, 
summarized in tab. I with the relative variation range, have been investigated. 

Tab. I - Variables analysed 
We made use of a multi-layered neural network with 

supervised learning, simulated on a PC with Linux as operating 
system by means of Stuttgart Neural Network Simulator (SNNS 
Group©), a free software based on standard backpropagation 
paradigm. However, the learning algorithm has been modified, 
including a sort of momentum term, which attenuates the rate of 
change of synapses after each iteration. Really, a large learning 
rate corresponds to rapid learning but might also result in 
oscillations. This modification slows down the reduction of 
system error and therefore we must subsequently modify again 
the DELTA RULE by adding the error in the previous layer to the 
activation value, prior to doing the weight update. 

For the stability of networks it is opportune to normalize the experimental data so that they vary in the range [0, 1]: 

Variables Values 
Materials: AISI 304-316-420-430 
Laser power level [kW] 0.35 + 13 
Welding speed [m/min] 0.10 + 9 
Covering gas He-N2 

Focal length [in] 3.75-5 
Converging lens ZnSe-KCl 
Thickness [mm] 0.40 -i-15 

normalized value 
xt -x 

6a 
where x is the average value and a the standard deviation. 

This type of normalization allows the employment of the neural network also for steels having composition very differ- 
ent from the ones analysed in this paper. The 293 experimental data are separated randomly in two sets: the learning set with 
218 data and the checking set with 75 data. The selection was made so as to maintain the ratio between the kinds of steel. 

A first attempt in order to obtain a continuous output at the same time for the melting area and for the welding efficiency 
did not furnish satisfactory results for the latter, partly because of limited data points and partly because of different layout 
necessary for the two outputs. Therefore, we preferred to construct two different nets, one relevant to the melting area and 
the other relevant to the welding efficiency. In all cases the input layer contains 7 units: 3 continuous units for the laser 
power, welding speed and steel thickness and 4 discrete units for the other conditions. 

The neural net layout for the melting area that gave the best results was formed by one hidden layer with 21 units; the 
global error on the training set decreases decidedly in the first 200 iterations and asymptotically reaches the zero. When we 
stopped the learning, it is closely linked to the problem, the mean square error on the validation set was 0.18, if we eliminate 
two outlier data, fig. 2. However, 25000 iterations are, in general, sufficient to obtain stable results. We need to pay 
attention to the trend of error decreasing, because it is possible that the net might get trapped in some local minimum or 
even at some stationary point and, therefore, the only solution is to repeat the learning with a new set of initial weights. 

The dependence of welding efficiency on system and material parameters is very complex. Even if the welding 
efficiency is a simple function of melting area, welding speed, and laser power: 

LP LP 
we obtained scarcely acceptable results with a previous neural network layout. 

Results quite satisfactory were obtained with a neural network formed by 2 hidden layers of 21 and 7 processor units and 
an output layer with one continuous unit in order to forecast the welding efficiency. The results are reported in fig. 3. The 
industrial application of the proposed method presupposes a series of manual iterations, because the system is able only to 
answer to questions of the type WHAT-IF; for instance, if it is desired to realize a welding joint, it is necessary to enter, as 
input of the second neural network, the system known parameters and two trial values for the laser power and the welding 
speed. Using this neural network layout, we can verify if such conditions bring to an acceptable value of the welding 
efficiency. If it is true, taking into account that the same welding efficiency can be obtained with different pair of welding 
speed and melting area, the first neural network layout can help to select the optimal welding speed with a suitable melting 
area or form factor of weld bead. It is extremely opportune to verify with the new welding parameters that the welding 
efficiency still falls in the zone of acceptability. 
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Fig. 2 - Estimated melting area vs. actual melting area 
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Fig. 3 - Estimated welding efficiency vs. actual welding efficiency 

4.   CONCLUDING REMARKS 

In this paper we have demonstrated the applicability of Artificial Neural Networks technique in order to estimate the 
laser welding quality indexes, particularly the melting area and the welding efficiency. The results are quite satisfactory and 
we would like to carry on this research with implementation of many different neural network paradigms, like BAM (Bi- 
directional Associative Memory) or Kohonen. The first one permits, selected material to weld, the introduction, like input 
pattern, of the kind of steel, the sheet thickness, the system parameters, the desired range for melting area, and two trial 
values for laser power and speed, in order to recall the closest pattern which satisfies the process conditions with a good 
welding efficiency, but in this case we must also proceed by trial and error. On the other hand, the Kohonen's neural 
networks consider the operation of self-organized clustering to be a map, through which points in n-dimensional pattern 
space are mapped into a small number of points in an output space. The mapping is achieved autonomously by system 
without external supervision. Therefore, if the unit with the maximum response to a particular event is regarded as the 
image of the latter, it is possible to obtain a satisfactory response, near the true one, even if the input pattern is incomplete or 
noise affected. Unfortunately, both these methods need binary input and output and it is indispensable to transform the 
experimental data into a virtual image with a suitable number of pixels. 
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ABSTRACT 

The purpose of this work is to understand keyhole formation observed during pulse Nd:YAG laser welding. 
We determine the power deposit law during laser pulse. We present a calculation of the energy deposit law by 
Fresnel reflections. The aim is to calculate the ray trajectory in keyhole to deduce the local absorption. A 
previous study allows to observe keyhole formation using flash X-ray radiography, and determine evolution of 
keyhole geometry. These results are compared with a previous experimental determination of the interaction 
efficiency. 

Keywords: Welding, keyhole, Fresnel reflection, radiography 

1. INTRODUCTION 

This work is part of study of the thermal modelling of Nd:YAG laser welding. In most welding processes, the 
energy is deposited on the surface, then transferred by conduction into the material, but this is not generally the 
case for laser welding. When the laser beam power density is sufficient to evaporate a thin layer of material, a 
narrow and deep keyhole is created inside the melting pool. It constitutes a trap for the beam [1,2]. The energy is 
deposited via the keyhole to the interior and this increases the welding penetration. The objective of this study is 
to model the energy deposited through Fresnel's reflections inside the keyhole in the case of a Nd:YAG laser 
impact on metal. We suppose that we know the geometry of the keyhole, and we model the quantity of energy 
deposited in this one during a laser pulse. The principle is to simulate the way of the rays inside the keyhole, and 
to calculate for each reflection the quantity of energy deposited. The study was carried out in the case of 
welding by pulse laser on a Titanium alloy (Ti-6A1-4V). 

2. MODELLING OF THE FRESNEL REFLECTIONS 

The energy deposition inside the keyhole is generated by multiple reflection of incident ray inside the 
keyhole wall. The rays are trapped in this cavity. For each reflection, part of energy is transferred to material. 
According to the Fresnel's law, considered energy is proportional to the energy of the incident ray and the angle 
of incidence on the wall. 

To model rigorously the energy deposit law, we must, from keyhole geometry gives, calculate the rays 
trajectories in order to deduce the local absorption. We have developed a simulation procedure of the energy 
deposit by Fresnel reflection on the surface of the keyhole [3]. The principle is to simulate the way of the ray 
inside the keyhole (three-dimensional), and to calculate for each reflection the energy deposited for each point. 

We start from a defined geometry of keyhole and a distribution of the incidental laser beam energy (beam 
collimated and homogeneous distribution). The laser beam is discretized in rays. For each ray, for which we 
associated a weighting function of the energy distribution of the beam, we determine the trajectory inside the 
keyhole. For each intersection with the keyhole wall, we calculate the angle of incidence, the reflection 
coefficient, and the reflection direction. The reflection coefficient is defined from the Fresnel's laws. The flow 
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transferred to the wall is then stored in a file of absorptive flows. This program defines the absorptive part of the 
incidental laser beam, as well as the part that escapes by the opening of the keyhole after several reflections. 

The Fresnel reflection coefficient is calculated by using the relation (with N = 3.38 and %= 3.33 with 
X = 1.06 yim): 

1 fl-2Ncos6 + (N2+x2)cos2e    (N2+%2)-2Ncos0 + cos2e| 

2 |l + 2Ncos9 + (N2+x2)cos2e    (N2+x2) + 2Ncos9+ cos26j 

The aim of this calculation is to determine the absorption coefficient by Fresnel's reflection in a keyhole that 
geometry varies during the laser pulse. For that, we calculate the absorption coefficient for a set of keyholes 
geometry. By making assumptions on the evolution of keyhole shape, we can determine the average absorption 
of material during the laser pulse. Thus, we obtain the energetic efficiency during the laser impact. 

3. CALCULATION OF ABSORPTION COEFFICIENT 

In a previous study, O.Perret [4] developed a measurement technique of the absorption coefficient using a 
differential microcalorimeter of Calvet type. It shows that laser-matter efficiency varies from 32% to 80% when 
the peak of power of the laser varies from 0.5 to 2 kW. Laser-matter efficiency is low in conduction mode and 
grows with peak power, when the keyhole volume increases. 

Now, we consider the case of a laser pulse with 1.5 kW power peak, 5 ms pulse duration 7.5 J energy and 
0.45 mm beam diameter. A micrographic observation of molten zone allows to determine the keyhole geometry. 
It can be characterised by a depth of 1.6 mm and a diameter of 0.96 mm. 

However during the pulse, the keyhole geometry evolves. We made the assumption that the keyhole 
geometry increases linearly: depth of 0 to 1.6 mm and upper diameter of 0.45 to 0.96 mm. We calculated the 
absorption coefficient for a set of geometry (figures 1). By making an average, we obtain the energetic efficiency 
of A = 72 %. The measurement obtained by microcalorimetry [4] is 70 %. These results are similar, although we 
dont know the real geometry evolution of the keyhole. 

4. STUDY OF THE KEYHOLE FORMATION 

4.1. Observation by radiography X flash 

An analysis of the evolution of the keyhole geometry during laser impact, was carried out by radiography X 
flash [5]. A series of radiography was carried out using a pulse X of 30ns, started with a variable delay 
compared to the beginning of the laser pulse. The study on a titanium alloy sample (Ti-Al-4V) was carried out 
with a power peak of the laser of 8.7 kW and a duration of 5 ms pulse, for a beam with a diameter 450 
Jim. From the images obtained, it was possible to determine the evolution of the characteristics of the keyhole 
during the laser pulse (figure 3). 

The keyhole can be characterised [6] by a maximum depth of 3.2 mm and a maximum diameter on the 
surface of 1.5 mm. We consider that the keyhole follows laws versus time (figure 2): 

- depth of the keyhole:    h = 0 for t < 0.5 ms and h = 3.21 (t - 0.5) / 4.5 for 0.5 < t < 5 ms 
- diameter on the surface varies from 1 to 1.5 mm for 0.5 < t < 5 ms 

4.2. Calculation of the energetic efficiency 

We calculated the absorption coefficient for a set of keyholes whose geometry is defined like a similarity of 
the final keyhole (figure 3.a). The law of evolution of the absorption coefficient according to the depth is given 
on the figure 3.b. One notes the absorption coefficient strongly varies when there is formation of the keyhole. 
There is trapping of energy well. When we studies the evolution of irradiance in each point of the keyhole note 
that the deposit is primarily at the bottom of the keyhole. The rays are guided through the successive reflections 
towards the bottom. After one or two reflections, the rays end to the bottom with an absorption coefficient 
increasing (incidence angle decreasing). This explains why, the absorption coefficient, increases when the 
keyhole becomes deeper. 
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We can calculate the total absorption coefficient (energetic efficiency) during the interaction by an average of 
absorption during duration the laser pulse. For that, we integrate the composition of the evolution of absorption 
according to the depth and the evolution of depth versus the time. 

—     If 5.0ms   . ,. . xx  ,,      If 0.5ms   . ,n.   ,       If 3.21mm   . ...   4.5    ,, 
A = -| A(h(t))dt = -I   „    A(0)dt + -l   n       A(h) ——-dh 5 J 0.0ms     v  v " 5-1 0.0ms      v  ' 5 J 0.0mm       v  ' 3.21 

We obtain energetic efficiency during the interaction equal to A = 74.9 %. We verify that efficiency increases 

when keyhole becomes narrow and deeper. 

5. CONCLUSION 

The purpose of this work is to understand keyhole formation observed during pulse Nd:YAG laser welding. 
We present a calculation of the energy absorbed during laser pulse. This method is based on a calculation of 
absorption coefficient by Fresnel reflection in a keyhole whom geometry varies during the laser pulse. We 
calculate energetic efficiency by an average of this absorption coefficient during duration of the laser pulse. 
Thus, we can study evolution of energetic efficiency (figure 4) when the laser pulse duration increases. We note 
that, at the beginning energy is transferred by conduction into the metal (conduction stage), then energetic 
efficiency is weak (44 %). When the keyhole appears, energetic efficiency increases rapidly with the deep. The 
beam is trapped in the weld. 
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Control of molecular ion generation with high intensity femtosecond laser 
and nanosecond laser pulses 

K. Toyoda, N. Morimoto, H. Kamada and Y. Takahashi 
Department of Applied Electronics, Faculty of Industrial Science and Technology, Science University of 

Tokyo/2641 Yamazaki, Noda, Chiba 278-8510, Japan 

ABSTRUCT 
Recently, much attention has been focused upon generation of ionized particles from solid target by coulomb explosion using high 

intensity and ultrashort pulse laser since the high intensity electric field can easily ionize to the maximum charge of the element. 
This paper reports the generation of molecular carbon ions and decrease of multiple charged ions in case of irradiation of low power 
nanosecond laser pulse prior to femtosecond laser pulse. The changes in the ion current waveform have been analysed by time of 
flight measurement with 76.4cm of drift section.   This observed waveform was interpreted using energy conservation law. 

Keywords: cluster ion, Ti:sapphire laser, TOF measurement 

LINTRODUCnON 
Simultaneous irradiations of high intensity and ultrashort pulse of Tksapphire laser and fourth harmonics of Q-switched 

nanosecond pulse of Nd:YAG laser to carbon target were found to generate molecular ions of carbon. In case of single femtosecond 
pulse of Ti:sapphire laser, multiply charged ions such as C6+(amu=12) were observed. Double pulse irradiations of femtosecond 
pulse of Ti:sapphire laser and nanosecond pulse of Nd:YAG laser to carbon target reduced generation of multiply charged ions and 
produced cluster ions such as Cf (amu=24) and C3

+ (amu=36). This measurement was made by time of flight (TOF) measurement 
using mass spectroscopic method. 

2.THE EXPERIMENT 
2.1. Experimental setup 

Experimental setup for TOF measurements is given in Fig.l. Tksapphire laser of pulse width of 130fs was incident at an angle 
of about 30 degree onto a flat carbon target mounted on rotary rod. The laser energy was 8mJ/pulse, which was focused to a 
corresponding intensity of about 8.6PWcm"2. Fourth harmonics of Q-switched Nd:YAG laser (HOYA-Continuum ML-2) of pulse 
width of 5ns was about 30 degree of opposite side of the direction of femtosecond laser. The laser energy of nanosecond pulse was 
2.7mJ/pulse. Time of separation of double pulse irradiation were controlled by digital delay pulse generator (Stanford Research 
Systems DG535) which was triggered by a pulse of flash lamp of GCR of Nd:YAG laser (Spectra-Physics) used for pumping of 
chirped pulse amplification system (Spectra-Physics TSA).   In this experiment, delay time was varied from -400ns to +2000ns. 

Ionized particles which were ablated by coulomb explosion from carbon target fly to the pinhole via drift region in constant 
velocity and were decelerated in the region of pinhole-slit assembly.   These decelerated ions were into the electro static energy 
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power supply 

DC power supply 

i 1 
itimslock ES-101 
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maih'systcrii'.'.'' 
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Delay   r    1 
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Fig.l Experimental setup for TOF measurements using Tirsapphire laser and Nd:YAG laser. 
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analyzer (Comstock AC-901).   The transmission energy of this energy analyzer was kept constant during changing slit voltage. 
Particles which have selective kinetic energy were detected by MCP (Comstock CP-602B).   TOF signal was obtained from MCP. 

2.2. Calculation of time of flight 
Fig.2 shows time of flight of respective region.   Particles which have selective kinetic energy were obtained by changing slit 

voltage of energy analyzer.    So, time of flight from target to MCP was calculated as follow equation. 

7 - \ 
T=h +h+h 

2L-, h 
^2e(TE + Vslit)    ^2e{TE + Vsll,)+4^fE     4^JE ^ 

where, Z is ionic charge, TE is transmission energy of energy analyzer and Vsli, is slit voltage. 
Uniform velocity   Deceleraiion       Ener"v analvzer 
drifl recion region 

L, = 7 6 4 m m 

< ► 4-—► 
Pinhofe 

L,= l 23.3n 

Slil MCP 

(1) 

Fig.2 Time of flight of respective region 

3.RESULTS 
3.1. Preirradiation of femtosecond pulse 

In case of irradiation of ultrashort pulse of Ti:sapphire laser into carbon target prior to Q-switched Nd:YAG laser, generation of the 
highest charge of C6* was observed. TOF waveform was identical with single pulse of Tsapphire laser, that is, interaction between 
Tksapphire laser and Nd:YAG laser was not observed. 

0.04 

40 60 80 100 

Time (Ws) 

Fig.3 TOF waveform of preirradiation of femtosecond laser.   Delay time = -400ns. 

3.2. Coincident with Q-switched nanosecond pulse 
In case of irradiation of ultrashort pulse of Tiisapphire laser coincident with Q-switched Nd:YAG laser, ion current waveform of 

multiply charged ions such as C6* ~ C?+ decrease and enhancement of signal of C* and Co* was observed. In this irradiation timing, 
interaction between Tirsapphire laser pulse and excitation of target surface by Q-switched Nd:YAG laser was considerably observed. 

40 60 80 100 

Time (U s) 

Fig.4 TOF waveform of coincident with Q-switched nanosecond pulse.    Delay time = 0. 

620 ProcSPIE Vol. 4184 



3.3. Preirradiation of Q-switched nanosecond pulse 
In case of irradiation of Q-switched Nd:YAG laser prior to Ti:sapphire laser, signal of molecular ions was observed and gradually 

decreased according as separation between femotosecond pulse and nanosecond pulse was to be larger. The effect of preirradiation 
of Q-switched Nd:YAG laser remains within the thermal relaxation time of 1600ns. 

Ion species vs. delay times were observed as shown in Table 1.   In the delay time of larger than 2000ns, Ti:sapphire laser was 
irradiated into the target out of the thermal relaxation time of excitation by Q-switched Nd:YAG laser, therefore, ion current 
waveform was same to the one of single pulse of Ti:sapphire laser. 
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Fig.5 TOF waveform of preirradiation of Q-switched Nd:YAG laser 
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Time (u s) 

Delay time = +2000 ns 

80 100 

Table 1.   Ionized species vs. delay times in preirradiation of Q-switched nanosecond laser 

Delay time Ion species 
+200 c\c2

+ 

+400 Multiple charged ion, C2* 
+900 Multiple charged ion, C2+ 

+1600 Multiple charged ion, C, C$ 
+2000 Multiple charged ion, C\ 

5. DISCUSSION 
The above observations demonstrate that molecular ions such as C/ and C3

+ have been observed in irradiation of Tirsapphire laser 
within the thermal relaxation time of carbon target caused by Q-switched Nd:YAG laser pulse. To explain this, energy 
conservation law is considered using following model. 

Femtosecond pulse 

Q-switched 
ns pulse Energy loss of 

cluster generation 
(Schottky defect model) 

Fig.5 Effect of simultaneous irradiation 
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Fig.5 explains the effect of simultaneous irradiation.   Irradiation of Q-switched ns laser pulse heated the surface of carbon target. 
Due to the temperature rise, energy of crystal bond becomes weak before fs laser pulse was irradiated. 

From energy conservation law, energy state of femtosecond pulse irradiation is 

*L.= Cr£.äT+yeN (2) 
V       M ZJ  '   ' y ' 

Thus, temprature rise A T: 

(EL     v^     „ \  M 
AT = it-l'M 

I CyP 
(3) 

A 7": Rise of temprature [K] 
S-. Energy required to cluster formation of cluster i [J] 

M: Number of cluster in unit volume [cc"'] 
N: Number of atom in unit volume [cc'l 

where, 
£t: Laser energy [J] 
V: Irradiated volume 
C\/. Specific heat at constant volume [JmoP'K"1] 
M: Atomic weight [g mol"1] 
P: Density [gec'] 

Fig.6 (a) shows that Ar is calculated as the function of NJN. In this calculation, three different values of £,• are assumed. 
Temperature rise A T decreases with increase of number of cut of chemical bond. Temperature A J is sufficient to produce C* but 
not enough to produce multiply charged ions during Ar is decreasing. In addition to energy conservation model, calculation of 
Boltzmann distribution of Schottky defect model' was performed.   Using Boltzmann distribution leads to 

N 
= exp 

ktsl 
(4) 

AT increase with number of cut of chemical bond increase Ni. Temperature Aj is obtained from cross point of the curve of 
energy conservation model and Schottky defect model as shown in Fig.6 (b). Introduction of these two models is found to 
correspond to experimental results. Decrease of £, due to irradiation of Q-switched Nd:YAG laser results in decrease of energy 
state  A T to lower state which, however, is enough to ionize C*. 
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Fig.6 Calculation of ATvs.NJN. 

6. CONCLUSION 
A novel method to control the cluster ion generation has been developed. Ousters are interesting for many reasons because they 

have potential to form novel materials with new chemical and physical properties.2 Simultaneous irradiations of ultra high intensity 
laser pulse and Q-switched nanosecond laser pulse was found to be an effective method to control cluster ions. 
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ABSTRACT 

Experimental investigations of the effects of laser irradiation on the response (sensitivity) of HgCdZnTe photoconductors (p 
type) working at ambient temperature have been performed. In-band (band HI) irradiation of these devices has been carried 
out with two collinear C02 laser beams: a CW probe laser (beam diameter <& = 60 /im) modulated by an acousto-optical 
modulator at a frequency of 500 kHz with a low energy output level giving the reference signal of the tested detector, and a 
second pulsed laser (named pump laser with <5 = 300 /im) used as the irradiation source. The pulse characteristics are a 
maximum energy of 200 mJ and a pulse duration of 2.5 us. These two C02 lasers are part of an IR detector test bench design 
for experimental studies in IR band II (3-5 Mm) and band HI (8-12 um) but only the experiments in band in are described 
herein. The irradiation densities range from 20 uJ/cm2 to 6.6 J/cm2. Both reversible effects, when the morphological damage 
threshold is not reached, and irreversible ones above this threshold have been observed. Moreover, it has been shown that 
irradiation produces a dramatic sensitivity decrease due to alloy concentration redistribution and thus causes a modification of 
the initial gap energy. 

Keywords: laser, detector, MCT, countermeasure 

1. INTRODUCTION 

The detailed study of the effects of an «in-band» irradiation of mercury cadmium tellurium (MCT) photodetectors presents 
two interests. The primary one is to determine how long such a device is unable to transmit the measured low-level signal to 
the electronic system. The second one concerns the design of an intrinsic protection system (hardening) which requires a 
knowledge of the process involved by the laser irradiation of semiconductors. We will describe herein the tested devices and 
the experimental test bench used in order to measure the electronic parameters of the irradiated detector. Some theoretical 
considerations will also be reported in order to explain, at least qualitatively, the main features of the observed effects. 

2. TESTED PHOTODETECTORS 

All the devices tested herein work at ambient temperature and are based on a new 
quaternary semiconductor HgCdZnTe (fig. 1) in which Zn has been introduced in order 
to reduce mercury defects (104-105 cm"2). The sensitive area is covered with a Ge AR 
coating. The MCT wafer (active area = 
1 mm2) is fixed on copper and encapsulated in a cylindrical aluminum cap. It must be 
noticed that no window is provided above the sensitive area. The field of view (FOV) is 
60°. The entire bandwidth of these detectors extends from 2 to 12 (im, the useful 
bandwidth is 8-12 um, the maximum detectivity is D* = 3107 cmHza5/W at X = 10.6 urn 
and the response time is 10 ns. The dynamic impedance is very low (10 Q). The 

Figure 1. MCT photoconductor      detectivity at X = 10.6 urn and at ambient temperature is D* = 107 cmHz 05/W and the 
response time is less than 1 ns. 

3. EXPERIMENTAL TEST BENCH 

The complete test bench designed for photodetector irradiation studies is presented in Fig. 2. Four lasers can be used 
simultaneously; two of them working in IR band II (3-5 um) and the two remaining ones working in band HI (8-12 urn). The 
probe CW laser beams are frequency modulated at 500 kHz through a Bragg cell. They emit a low-intensity reference signal 
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when directed toward the tested photodetector. The pulsed (pump) lasers are a C02 laser used exclusively for the experiments 
described herein (instantaneous power 80 kW, pulse duration 2.5 us and pulse maximum energy 200 mJ) and a pulsed DF 
laser (A, = 3.8 um), not used for the present experiments. In order to carry out accurate measurement tests, the probe and pump 
laser beams must be exactly superposed on the active area of the photodetector. The pump laser beam goes through a 
telescope and a vacuum cell, in order to prevent the plasma breakdown. The pressure is decreased below 510" torr in order to 
remain below the breakdown threshold in the pump laser beam. Another MCT cooled detector mounted on an integrating 
sphere is used for the CW probe laser beam power measurement; thus, the signal variation on the tested detector cannot be 
attributed to the energy level fluctuation of the probe laser, but only to the effect of the pump laser irradiation. The different 
energy density levels applied to the tested detector can be adjusted through an incident beam attenuator composed of a stack 
of CaF2 plates. In the test bench, a pyroelectric camera is used as a beam profiler and gives the spatial intensity distribution of 
the pump laser. This intensity distribution has been assumed to be gaussian and the fluence on the center line is: 
Fo= 2Ep/Sspol, where Ep is the pulse energy and Sspot the irradiated area defined at 1/e2 '. All the reported experiments have 
been carried out with a spot area Sspot = 7-10"4 cm2 (<& = 300 urn). The time-dependent intensity pulse shape is assumed to be 
roughly stepwise and the pulse duration is 2.5 us. 

HF/DF laser 
(bandll) 

Figure 2. Experimental set-up 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

~ • —        • *&&*'■ 

Hüiüs! 
A different damage threshold has been measured, ranging from 33 to 
104 mJ/cm2. This damage threshold scattering for nominally identical 
devices can be explained by differences in the sensitive area, therefore 
yielding a variable surface reflectivity. In fig. 3 two SEM pictures of 
the undamaged detector surface are presented, displaying large 
differences in the apparent roughness of the sensitive surface. Figure 4 
shows SEM pictures of the irradiated surface of the detector (F0 =105 
mJ/cm2, Io = 42 kW/cm2). Figure 4a presents the damaged area with a 
melting zone, while figure 4b and c show droplets of liquid material 
ejected from the center of the impact, and characteristic of the 
«splashdown» phenomenon. A species concentration analysis of 
undamaged and damaged detectors has been done using a classical X- 

ray diffraction method coupled to mass spectroscopy. Two of the spectra obtained on undamaged and damaged detectors are 
presented in figure 5. One can notice a disappearance of the mercury on the spectra related to the damaged detector, very 
probably due to surface vaporization. Moreover, the species concentration analysis along the droplet path exhibits a 13 % 
decrease in Cd concentration. Using the test bench capabilities, the local sensitivity of the damaged detectors has been 
measured. It has been done by scanning the whole laser impact area (4> = 300 um) with an attenuated CW C02 probe laser 
beam whose spot diameter (<J> = 60 um) is smaller than the swept area. Figure 6 presents the results of this local sensitivity 

Figure 3. SEM pictures. 
Left: No. 3138. Right: No. 3950 
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measurement in the case of a fluence F0 = 400 mJ/cm2 (Io = 160 kW/cm2). Along the z-axis the measured relative detectivity 
Dr is plotted, defined as: D^Siocaj/Smin-l. Along the x-axis, the plotted values are distances from the edge of the scanned area, 
while distances from the center of the impact are plotted along the y-axis. The minimum value at point A (center of the 

Te 

CdTe 

T« 

Presence of the 
mercury 

disappearance of 
the mercury 

Figure 4. SEM pictures of the damaged detectors Figure 5. X-ray diffraction. Left: before laser irradiation. 
Right: after laser irradiation 

impact) results from the local surface melting and vaporization due to a locally high power density. The maximum value at 
point B, slightly off the center, indicates an increase in detectivity which can be explained as follows: at this distance from the 

center line, the power density is relatively low (gaussian power density 
distribution), thus inducing melting without vaporization and a local «annealing» 
phenomenon. The crystal lattice is rearranged, due to the defects, which were able 
to diffuse in that liquid phase. This effect is indeed impossible to obtain at the 
center of the laser impact where material ablation through vaporization takes 
place. The symmetry of point B with respect to the centerline can be induced by 
defect diffusion along the privileged axis of the crystal (<111>)2. Integrating this 
measured sensitivity on the whole scanned surface, one gets an overall device 
detectivity decrease of only 20 %. The detectivity remains unchanged outside the 
laser. As already mentioned, a decrease in the Cd atoms concentration (-13%) has 
been measured at the impact center; the material becomes Hg0.856Cdo.i44Te while 
it was initially Hgo.835Cdo.i65Te. The species concentration analysis has been done 

between the impact center (point A) and the edge (point B), showing a decrease of the molar fraction x; i.e. from 0.361 
(center) to 0.010 (edge) (fig. 7). Elsewhere, the expression giving the band gap energy is2: 

Figure 6. Local sensitivity measurement 

Eg = -0.302 + 1.93x - 0.818x2+- 0.832x3 + 0.535(1 ■ ■2x)T/1000   [eV]. (1) 

According to the molar fraction decrease, the gap energy Eg drops from an initial value of 0.37 eV to a negative value 
showing a semi-metal or metal behavior (fig. 7). Figure 7 shows the molar fraction x and the band gap energy Eg variations 
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Figure 7. Measurement of the molar fraction x 
vs. distance from the impact center. 
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before and after a CO2 laser irradiation. The molar fraction x has been measured while the gap energy has been calculated 
from the equation (1). At point A (center of the impact), the gap energy Eg (0.37 eV) is higher than the photon energy at 
A = 10.6 11m (0.117 eV). Therefore, the MCT material is locally more transparent to the laser beam and the detectivity 
decreases3. From the point A to the point B, the band gap energy Eg drops and becomes lower than the photon energy, 
inducing an increase of the intrinsic carrier density and therefore, a detectivity increase3. As mentioned before, the maximum 
value at point B results from a local annealing phenomenon and the MCT material behaves such as a semi-metal or metal. At 
this point, the defect density decreases and therefore, a detectivity increase. 

5. CONCLUSIONS 

This work describes the capabilities of the multiwavelength test bench designed to study the transient irradiation effects on 
MCT photodetector performances in IR bands II (3-5 |im) and III (8-12 \un). Results show that the local detectivity drop is 
not only due to vaporization, induced by the laser beam, but to the molar fraction x decrease. If the damaged area is smaller 
than the sensitive area, the global detectivity of the device is only slightly affected by such laser irradiation. Finally, it is 
believed that the knowledge of the physical process involved in photodetector irradiation will allow to design new intrinsic 
hardening devices. 
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ABSTRACT 
The influence of the X-rays preionization on the performance of a 312 cm3 active volume phototriggered HF laser 

has been studied for Ne/SF6/C2H6 and SFs/C;,!^ mixtures at a fixed SF6 partial pressure (78 mbars). Parameters are the X- 
rays dose (0.1-10 mR), the pumping current pulse duration (60-155 ns), the electric charge deposited in the medium (< 3 
mC), and the ethane partial pressure (< 10 mbars). It is shown that, without ethane in the mixture, arcs develop close to the 
discharge peak current as soon as the pumping pulse duration exceeds 100 ns at a fixed deposited charge value, in the whole 
range of X-rays dose values studied. An efficient discharge stabilisation effect can be obtained by addition of ethane, even 
without X-rays preionization and with a pumping pulse duration value as high as 155 ns. Nevertheless a low ethane 
concentration in the mixture is required in order to optimise the laser performance. In such conditions an arc free discharge, 
and correlatively high output laser energy and efficiency values, can be obtained only with use of the preionization. 
Optimum laser performance can be achieved with a low X-rays dose. 

Keywords: HF laser, pulsed electric discharge, X-rays preionization, high pressure SF6/C2H6 plasma. 

1. INTRODUCTION 
Discharge-pumped non-chain HF/DF chemical lasers have been widely studied since the end of the sixties1, and it 

has been early recognised that SF6 allows to achieved highest läser performance, i.e. output energy and electrical efficiency, 
than other F-atom donors. Preionization of the gas mixture, SF6 with an hydrogenated compound RH (or RD), by VUV- 
photons2'4'5 or X-rays3'6 are now currently employed. Moreover the high laser performance achieved using the 
phototriggering technique2'3 have stimulated the development of large aperture lasers in order to increase the output energy7. 
However the influence of the amount of preionization on the laser performance has not been yet precisely determined. The 
present work deals with the influence of the X-rays dose on the performance of a 312 cm3 active volume laser, named 
« X525 ». 

We have previously reported on the X525 performance8, i.e. a specific output energy of 9.6 J/l at an electrical 
efficiency of 4.7 %, achieved with a Ne/SFe/CÄ mixture and a dose of 10 mR per shot. Such performance follows from the 
stabilisation of the discharge when C2H6 is added to the Ne/SF6(1/1) mixture9. The discharge dynamic in Ne/SF6 mixtures or 
pure SF6, as well as the stabilisation effect of C2H,; and consequences for the output energy and efficiency values, are now 
investigated for a large range of X-rays dose values. Other important parameters of this study is the pumping current pulse 
duration and the total electric charge deposited in the plasma. 

2. EXPERIMENTAL DEVICES AND MEASUREMENTS 
Both experimental devices and measurements have been detailed elsewhere8, so that they will not be revisited in 

detail here. The discharge cell of the X525 laser has an electrode gap d=2.5 cm. Two electrode geometries have been used: 
firstly, a profile cathode and a flat anode, and secondly, a flat cathode and a profiled anode. The profiled electrode is 50 cm 
in length and is flat over 2.5 cm width. The laser cell has been filled with a Ne/SF6 (1/1) mixture at a total pressure of 156 
mbars, or with SF6 at 78 mbars, with addition of ethane at a partial pressure ranging from 0 up to 10 mbars. The charging 
voltage value of the energy storage line can be chosen as high as 35 kV. The value of the capacitance, C, ranges from 36 up 
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to 144 nF, and the circuit inductance L from 9.25 up to 40.5 nH. It gives a pumping pulse duration, xp, between 60 and 155 
ns. 

The preionization is achieved by a short X-rays burst (12 ns) generated from a cold cathode diode powered by a 
low inductance Marx generator. X-rays are injected in the inter-electrodes space through the flat grounded electrode, and the 
dose can be chosen in the range 0.1 up to 10 mR. Variation of the X-rays dose in that range allows to vary the value of the 
primary electron density, n<,0, achieved from photoionization processes, from about 106 up to 109 cm"3. For SF6, n<.0 has been 
estimated from measurements in Xe taking into account that the absorption cross section of SF6 is about twice the cross 
section of Xe in the photon energy range of the present study10 (20-50 keV). Ne atoms and C2H6 molecules provide less 
primary electrons than SF6. 

3. DISCHARGE IN SF6 AND IN Ne/SF6 MIXTURES 
As a first step, the influence of the X-rays preionization on the discharge dynamic has been examined in the Ne/SF6 

(1/1) mixture, and in pure SF6. On figure 1 are displayed typical temporal evolutions of the current and of the voltage for a 
X-rays dose value of 0.2 mR, for C=72 nF and a charging voltage V0=25 kV, for a flat cathode, and for two values of the 
pumping pulse duration, xp=80 ns and xp=155 ns. At a low xp value, 80 ns, the discharge is characterised by a single current 
pulse, followed by a very long afterglow during which a residual voltage remains across the electrodes and the capacitor 
bank. CCD camera measurements have shown that the discharge is homogeneous". Arcs appear at a time of at least several 
hundreds nanoseconds. For the conditions of the figure the deposited electric charge and energy, Q and Ed, in the plasma 
during the current pulse are respectively equal to 0.8 mC and 50 J/l. 

The increase of tp does not change the value of Q, at fixed C and V0 values. However it leads to the decrease of the 
delay time, z^c, between the peak current of the main discharge and arcs. At TP=155 ns in figure 1, plasma inhomogeneities 
(localised current channels in the inter-electrodes space) develop at the end the pumping pulse and, thereafter, both the 
current and the voltage oscillate. As a general trend, at a constant Q value, the increase of the pumping pulse duration above 
100 ns is detrimental for the discharge stability and homogeneity. Similar results than those displayed in figure 1 have been 
obtained when xp increases from 60 ns up to 115 ns at Q=0.8 mC, which corresponds to C=36 nF and Vo=30.7 kV. It has 
also been obtained both in the Ne/SF6 (1/1) mixture and in pure SF6. Moreover the increase of the X-rays dose value up to 
10 mR does not change the discharge behaviour, i.e. the appearance time of plasma inhomogeneities is unchanged. The 
discharge in Ne/SF6, or SF6, cannot be stabilised by the increase of the electron preionization density, even by two orders of 
magnitude from about 107 cm"3 (0.2 mR) up to 109 cm"3 (10 mR). We have also established that the decrease of n,.0 down to 
about 106 cm"3 (0.1 mR) induces a decrease of the delay time between the peak current and arcs, even at a pumping pulse 
duration less than 100 ns. 
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Fig. 1 - Temporal evolution of the discharge current and voltage for the Ne/SF6 (1/1) mixture at C=72 nF, V0=25 kV, X-rays 
dose of 0.2 mR, flat cathode. Values of the pumping pulse duration are given on the diagrams. 
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In figure 1, the current goes to zero before appearance of arcs at TP=1 55 ns and V0=25 kV, but experiments 
performed at higher charging voltage values have shown that higher is Q, shorter is the delay time xm at a fixed pumping 
pulse duration. Thus arcs appear very close to the current maximum (xm values of about 20 ns or less), when the V0 value is 
equal to twice the self-sustaining discharge voltage value. As a result only a fraction of the stored energy is put in a 
homogeneous medium. 

On the other hand, the discharge homogeneity in Ne/SF6, or SF6, depends much more on the X-rays dose (or on n«,) 
when the cathode is profiled, as compared with the discharge obtained with a flat cathode. However plasma inhomogeneities 
always appear at high deposited charge, whatever the cathode shape is, and even at the high dose value of 10 mR. 
Consequences for the discharge dynamic in mixtures with ethane, and the consecutive effects on the HF laser performance, 
are examined in the followings with respect to the parameters (xp, Q, dose) values. 

4. DISCHARGE IN MIXTURES WITH ETHANE 
It is known9 that addition of ethane to the Ne/SF6 (1/1) mixture, or to pure SF6, inhibits the development of 

inhomogeneities during the discharge. Figure 2 illustrates this stabilisation effect for C=72 nF, V0=26.35 kV, a flat cathode, 
a very low X-rays dose of 0.1 mR, and a pumping pulse duration of 155 ns. The displayed measurements correspond to a 
C2H6-pressure, pC2H6, equal to 2.5 and 4.5 mbars. For such low pressure values the deposited charge Q and energy Ed are 
almost unchanged at a fixed V0 value, equal to 1.0 mC and 62 J/l for the conditions of figure 2. For same parameters values, 
arcs appeared before the end of the discharge in case of a C2Hs free medium. 

In figure 2, at pc2H6=2.5 mbars, the current of the main discharge goes to zero before appearance of arcs. However 
the arcs delay time t„ is lower than the pumping pulse duration xp. The further increase of pC2H6 up to 4.5 mbars leads to an 
afterglow duration higher than xp. 
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Fig. 2 - Temporal evolution of the discharge current and voltage for Ne/SF^C^ mixtures at C=72 nF, V0=26.35 kV, X- 
rays dose of 0.1 mR, pumping pulse duration of 155 ns, flat cathode. Values of the C2H6-pressure are given on the diagrams. 

Figure 2 emphasises that an homogeneous active medium can be obtained at an electron preionization density 
estimated to be as low as about 106 cm"3. However the minimum C^-pressure, p,™, which is required in order to obtain an 
efficient discharge stabilisation effect (long afterglow) depends on: i/ the X-rays dose, ii/ the pumping pulse duration, iii/ the 
deposited charge, and iv/ the cathode shape. The following table gives the p^ values for some values of these parameters. 
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X-rays dose (mR)    —> 0.1 0.2 0.45 10 

cathode shape Q(mC) ip (ns) 

0 0 flat 0.8 80 

flat 0.8 155 4.5 mbars 1.0 mbars - 1.0 mbars 

flat 1.6 125 3.0 mbars - 1.0 mbars 1.0 mbars 

flat 3.0 125 7.0 mbars - 3.5 mbars 2.0 mbars 

profiled 3.0 125 - . - 5.0 mbars 

It follows from this table that: i/ higher is the X-rays dose at fixed Q, xp values, lower is pmin; ii/ higher is xp at fixed 
X-rays dose and Q values, higher is p™,,; iii/ higher is Q at fixed X-rays dose and xp values, higher is pmin; iv/ pmin is lower 
for a flat cathode than for a profiled one, at fixed values of the X-rays dose, Q, and xp. 

5. IMPORTANCE OF THE PREIONIZATION 
The above results show that the reduction of the X-rays dose down to 0.1 mR has no effect on the discharge 

dynamic at pC2H6 higher than 7 mbars, for a flat cathode. Moreover an arc free discharge can be obtained as the 
homogeneous X-rays preionization is suppressed at high ethane pressure. Without X-rays, the discharge self-breakdown is 
believed to follow from the preionization of the mixture by UV-photons emitted by accidental, random in time and position, 
corona discharges near the high voltage electrode. In figure 3 are displayed measurements in the self-breakdown mode, for 
SF6/C2H6 mixtures at pC2H6=2.5 and 10.4 mbars at Q=0.8 mC and TP=155 ns. 

Time (100 ns/div) Time (100 ns/div) 

Fig. 3 - Temporal evolution of the discharge current and voltage for SF6/C2H6 mixtures at C=72 nF, V0=24.5 kV, pumping 
pulse duration of 155 ns, flat cathode. No X-rays preionization. Values of the C2H6-pressure are given on the diagrams. 

Arcs appear close to the current maximum at 2.5 mbars of ethane, whereas a residual voltage is well established after the 
main discharge at 10.4 mbars. Consequences for the laser performance are displayed in figure 4. The laser energy is plotted 
against the charging voltage for the same parameters values than in figure 3, with or without X-rays preionization. At a fixed 
V0 value, the laser energy EL decreases as X-rays are suppressed at pC2H6=2.5 mbars owing to the rapid development of 
plasma inhomogeneities in the discharge volume (figure 3). This is not the case at Pc2H6=10.4 mbars, for which EL values 
obtained with or without preionization are equal. However lower laser performance are achieved at 10.5 mbars than at 2.5 
mbars, for a X-rays dose of 10 mR. This is explained by the decrease of the F-atom production rate as soon as the ethane 
concentration in the mixture is increased12. Thus, for non-chain discharge pumped HF/DF laser using SF6 with C2H6 (or 
C2D5), the optimisation of the laser performance, i.e. achievement of the highest output energy at the highest efficiency, can 
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be hardly obtained without preionization of the gas mixture. However the required X-rays dose is rather low, as discussed in 
the followings. 

1.25- 

1.00 

>,   0.75 
bß 
i-< 

§   0.50 
<u 
CO 

^   0.25 

0.00 

 r"           1             •             1             ■             1 

D    ■ 

■ 

 , 1 ■ 1 ' 1  

22 23 24 25 

Charging voltage (kV) 

26 

Fig. 4 - Laser energy plotted against the charging voltage. SF^He mixtures at C=72 nF, pumping pulse duration of 155 ns, 
flat cathode. Squares: pC2H6=2.5 mbars, circles: pC2H6=10.4 mbars. Open symbols: X-rays dose of 10 mR. Closed symbols: 
self-breakdown mode. 

6. INFLUENCE OF THE PREIONIZATION ON LASER PERFORMANCE 
In figure 5 is plotted the laser energy, in relative unit, against the X-rays dose in conditions of high specific 

deposited energy in the active medium and high pumping current pulse duration: Ed=200 J/l, Q=3.0 mC, tp=125 ns, for a 
Ne/SF^Hö mixture at pC2H6=2.5 mbars, and for a flat cathode. The arrow on the diagram indicates the laser energy value 
obtained in the self-breakdown mode. In that condition the temporal evolutions of the current and of the voltage are very 
similar to those plotted on the left diagram in figure 3. 
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Fig. 5 - Laser energy plotted against the X-rays dose. Ne/SFs/QH,; mixture at pc2H6==2.5 mbars. C=144 nF and V0=31 kV, 
pumping pulse duration of 125 ns, flat cathode. 
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Figure 5 shows that EL increases when the dose increases from 0 up to 0.2 mR. It is correlated to the increase of the 
delay time between the peak current and appearance of arcs. The discharge current goes to zero at the end of the discharge at 
0.2 mR, as measurements plotted in the left diagram in figure 2, and arcs are located just after. Thus the discharge dynamic 
is unchanged and the laser energy is almost constant for a dose between 0.2 and 0.8 mR. Arcs are throw away from the main 
discharge when the dose increases from 0.8 up to 1 mR, and correlatively EL increases in figure 4. Above 1 mR, the laser 
energy does not depend on the X-rays dose because the discharge is stabilised, with a long afterglow. Thus, for the 
conditions of figure 5, the required X-rays dose for the optimisation of the laser performance does not exceed 1 mR, which 
corresponds to an estimated electron preionization density of 2.5x108 cm"\ 

Keeping same values for xp, Q and Ed than in figure 5, we have studied the influence of the ethane pressure on the 
laser performance in correlation with the influence of the X-rays dose. Results are displayed in figure 6, in which is plotted 
EL against pc2H6 for Ne/SF6/C2H6 mixtures and a flat cathode, and two values of the X-rays dose, 0.1 and 10 mR. 
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Fig. 6 - Laser energy plotted against the ethane pressure. Ne/SF6/C2H6 mixture at C=144 nF and V0 

duration of 125 ns, flat cathode. Open symbols: X-rays dose of 10 mR. Closed symbols: 0.1 mR. 
=31 kV, pumping pulse 

At 10 mR the increase of the ethane pressure from 0 up to 1 mbar induces a rapid increase of the laser energy. At pC2H6 
higher than 1.5 mbars, EL saturates but does not decrease until the pressure value increases above 6 mbars (not shown on the 
figure). On the other hand, the growth of EL when pC2H6 increases at 0.1 mR is slower than at 10 mR. As a result the 
maximum laser energy, EL

Max, is reached at only 4 mbars at 0.1 mR, instead of 1.5 mbars at 10 mR. Correlatively the 
discharge stabilisation by ethane is more difficult to achieve at 0.1 mR than at 10 mR, as discussed in part 4. However, at 0.1 
mR, EL

Max is reached at a pC2H6 value which is 3 mbars smaller than the minimum pressure required for a complete 
stabilisation of the discharge, 7 mbars (see table). Reasons for this difference should be understand looking at the relative 
temporal positions of the laser emission and of the plasma inhomogeneities onset. 

7. CONCLUSIONS 
The main result of this work is that the optimum performance of discharge pumped FfF/DF lasers, using SF6 with 

C2H6 (C2D6), cannot be reached without preionization of the active medium. A high specific laser energy value is obtained in 
the self-breakdown mode of the discharge. However it is about 25% lower than the energy achieved with preionization. 

The optimum performance of the phototriggered lasers can be reached using a very low X-rays dose value, 0.1 mR, 
at the condition that the ethane concentration in the mixture is high enough to ensure that the laser emission appears before 
the development of high current channels in the inter-electrodes space. Two phenomena contribute to obtain this result when 
one increases the ethane pressure at a constant Ne/SF6 (or SF6) pressure: i/ the increase of the HF ro-vibrational levels 
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production frequencies, which leads to the decrease of the delay time between the peak current and the laser power growth, 
ii/ the very efficient stabilisation effect of the discharge induced by ethane. Combination of these two phenomena allows to 
keep pc2H6 as low enough to avoid a decrease of the F-atom production rate. 
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